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CHAPTER 1
INTRODUCTION
	
  

1.1

Statement of the Problem

	
  

Moore’s Law predicts that the number of transistors in an integrated circuit of computing

hardware would double approximately every two years. The trend has continued for more than
half a century already and has led to significant, roughly exponential, increases in capabilities
(processing speed and memory capacity) of digital electronics. Such leaps in technology are
necessary to meet the high demands of today’s information-rich, mobile society. However, no
matter how fast electronics are evolving, the progress of energy storage devices needed to power
them, most notably batteries, are lagging significantly behind.
Lithium-based batteries (LB) are the best of its class, providing the highest energy
content per given weight and volume compared to other battery types. They were conceived
around 1970s with the Li metal batteries (LMB) and provided the best energy density at that time.
However due to electrical shorting issues caused by the Li metal anode and hydrocarbon
electrolytes during recharges, it led to explosion hazards. This main concern prompted the
reevaluation of the technology, and LMBs halted development as a rechargeable battery. It took
around 20 years to fully commercialize the next generation of rechargeable Li battery in the case
of Lithium Ion Battery (LIB). LIBs employ Li+ insertion compounds as the electrodes to provide
highly reversible reactions without the risks of its predecessor. Focusing on the anode, the
carbonaceous material of LIBs provides stable rechargeability but the specific capacity is only
~10% of Li metal anode. Regardless of this sacrifice, the battery’s overall energy content
remained comparable because it is limited by the cathode material. Most battery applications
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were satisfied with this chemistry; nonetheless, current years are exposing the insufficiency of
the energy-carrying capability of LIBs with more complex demands in the last decade.
In addition to electronics, increasing environmental concerns brought by decades of use
of hydrocarbon-based fuel pushed forth greener applications of LIBs for vehicle propulsion and
energy storage/generation. Still, due to difficulties in engineering suitable electrode materials
commercial LIBs’ chemistry and energy content remained almost unchanged; as a result,
batteries are often the heaviest and costliest components of applications such as in electric
vehicles (EV) and in intermittent alternative energy storage. In order to realize higher levels of
vehicle electrification to convert vehicle propulsion to full battery electric and maximize the
benefits to our environment, new-age materials need to be engineered to provide the quantum
leap in energy storage and catch up with the fast evolving demands.
Bridging the gap between the technology and application, the recent developments in
transition metal oxide cathode materials offer around twice the charge capacity. On the other
hand the use of Silicon as an anode material has been theorized to boost the capacity greater than
10 fold compared to current graphitic anode. The Si-based anode presents a better opportunity to
be a step closer to achieve a LIB with the highest known charge capacity. In spite of this, Si is
not a material without any limitations. The Li-Si alloys that form during charge and discharge
reactions in a battery present a tremendous 300-400% volume increase on the anode, leading to
failure. For this reason during the past few years different morphologies of Si and composite
combinations with carbonaceous materials have been used to produce 2D and 3D structures. The
best anodes developed produced capacities matching theoretical limits but with severe capacity
losses at short numbers of recharge, mainly attributed to the volume expansion that leads to
crumbling and loss of contact. It is therefore a worthwhile engineering challenge to overcome
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this serious limitation by devising and developing novel anode configurations that will maximize
the charge capacity while maintaining a highly stable Si-based anode composite material.

1.2

Dissertation Objectives
Due to the expansion of Si during charge-discharge cycling, stable materials are needed

as a form of matrix support. For this reason, in much of the published reports, Si-based anodes
are coupled with carbonaceous material to provide means to limit/control the Si volume
expansion while assisting in electron conductivity. Along this line, the plan is to develop a novel
composite material composed of highly dispersed nano-sized Si particles in a 3D matrix of a
recently explored state-of-the art material, Graphene, to provide chemical and mechanical
stability and increase the conductivity while maximizing the charge capacity. The synthesis and
study of this new composite will be instrumental in understanding the behavior of nano Si
particles in a highly dispersed state within the composite; likewise the overall improvement of
anode performance due to the graphene network will be demonstrated. After this, modifications
of the graphene and Si particle coatings will be explored to further improve the overall anode
performance. Finally, with the important elucidations from the prior studies, development of a
new Si-based chemistry will be initiated as an alternate route to pure Si active material anodes. A
possible level of magnitude increase in capacity, improved stability and upgraded high
performance capabilities are expected upon the perfection of this technology.

1.3

Study Impact
The realization of this endeavor, along with the further maturation of the involved

technologies, has the potential to solve the cost and the capacity shortage of LIBs in terms of
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EVs and alternative energy storage cells. Three major areas are going to be directly affected by
this innovation:
The first is the overall battery technology. Achieving an anode capacity value that is near
the theoretical value for Si is halfway into the development of the LIB with the highest possible
capacity based on current known materials. Given that the battery is not cathode limited, the
study can give out 10 times in specific energy compared to current LIBs containing LiCoO2 and
C6 (100-200 Wh/kg). With engineering and integration of this technology, increased levels of
vehicle electrification will be enabled within the near future, and economics will almost assure
better public reception.
The second major impact happens at the point where internal combustion engines (ICE)
vehicles are converted to EVs. At this point tailpipe emissions become negligible to zero. This
change shifts emissions from vehicles to power plants as a result of increased power demands.
Likewise, at this period energy from alternative sources such as wind and solar would have
already benefitted from the new age of LIBs. This in turn will provide clean electricity for EVs,
the overall scheme has been studied and confirmed to reduce global warming pollution
significantly compared with coal-fueled electricity [1].
Last but not the least, the dependence of the world to oil will be reduced. Oil acquisition,
refinement and consumption dominate the global politics nowadays. This is most apparent in
countries like the United States where an estimated 25% of the world’s oil is consumed. Having
a battery technology that can substitute hydrocarbons as a source of energy can potentially
change world economics. Energy sources can now be obtained and produced locally, public and
private funds previously dedicated to the acquisition of oil can now be allotted to the local
economy to further enhance green technology and create jobs. Also relieving gasoline
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dependence will potentially lift many of health and security problems that the world is facing
today
Given such high rewards, it is fitting that relevant works on the subject matter be
thoroughly studied and applied in this technology to achieve better standing in accomplishing the
study.
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CHAPTER 2
BACKGROUND AND LITERATURE REVIEW
	
  

Fundamentals and relevant works pertaining to the chosen anode materials are reviewed
in detailed in this section. These will give rise to the specific research tasks and the necessary
experimentation parameters of the study.

2.1

Battery Technology

2.1.1

Rechargeable Battery Overview
Batteries are devices comprised of one or more electrochemical cells that convert stored

chemical energy to electrical energy through reduction-oxidation (redox) reactions. Battery cells
are composed of two electrodes (separated by a porous membrane) connected by an ionically
conductive material (electrolyte). Based on the redox reactions, cells are classified under two
main categories: primary cells and secondary cells. Primary cells have a one way redox reaction
that modifies the active materials’ chemistry/form allowing only a single discharge. The battery
discharge proceeds when the battery provides spontaneous electrical current output from the cell
through the oxidation of the negative electrode (anode) and the reduction of the positive
electrode (cathode). With the aid of an opposite external current, the electrode discharge
reactions can be driven to the opposite direction, recovering the battery charge in the battery
recharge phase. Secondary cells benefit from being able to recharge. Rechargeability of cells
happens due to the reversible redox process of the electrodes with a flow of the charge carrying
ions through the electrolyte and assisted with the electrons through the external circuit.
Three classes of secondary batteries are the most widely regarded in the current
timeframe: Lead Acid (PbA) batteries, Nickel Metal Hydride (NiMH) batteries and LIB. PbA is
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the oldest type of rechargeable battery; it was invented by Gaston Planté in 1859 at the French
Academy of Sciences. They are the enabling technology that pushed forth the birth of EVs
during the late 19th century. At present the PbA dominates two thirds of the whole $30B battery
industry as primarily starter batteries for ICE vehicles. NiMH was first made available in 1989 as
the successor of Nickel-Cadmium and Nickel Hydrogen batteries, improving the overall energy
content and life. The technology was invaluable in re-launching the EV to the mainstream,
almost a century after the first EV, through General Motor’s (GM) EV1. The EV1 ran from 1996
to 1999, comprising of two variants of battery propulsion: (a) GenI with PbA battery pack giving
a range of 55-100 miles per charge and the improved (b) GenII with the lighter NiMH pack
giving 75-150 miles per charge. Currently, the majority of Hybrid Electric Vehicles (HEV,
vehicle propulsion with ICE and electric motor) on the road uses NiMH to run the electric motor
of the propulsion system. LIBs present the youngest (commercialized last 1991) yet fastest
growing type of battery. It is considered the future of the HEV and regarded as the potential
battery technology that will shift propulsion from ICE to full EVs. Presently, the battery
technology is showing utmost potential with the Tesla Roadster with a >200-mile range per
charge (although highly expensive), Nissan Leaf with 100 city miles per charge and the General
Motor (GM) Chevrolet Volt running at 40 miles pure electric (additional 350 miles from gasoline
powered electric generator). Various improvements are being made constantly, further
contributing to the increase in energy content, improvement of safety and lowering of the overall
cost.
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2.1.2

Cell Potential and Energy Content
The overall reaction of a cell is determined by the redox reactions of the active materials.

In both the electrode sites, respective half cell reactions occur with their corresponding reduction
potentials. At standard state, the sum of these potentials indicates the battery chemistry’s
standard cell potential (E0cell) in Volts (V):
!
!
!
𝐸!"##
= 𝐸!"#!!"#
− 𝐸!"#$%

where E0cathode and E0anode are the cathode and anode reduction potential, respectively.
The half cell reactions with the charge-carrying ion determine the number of electrons flowing
within the external circuit of the battery. This and the E0cell is then used to achieve a theoretical
energy estimate of the cell chemistry via the Gibbs free energy (∆G0cell):
!
!
∆𝐺!"##
= −𝑛𝐹𝐸!"##

where n is the number of moles of electrons (mol e-)and F is the Faraday constant equivalent
(96,485 C/mol e-), ∆G0cell is expressed in kJ/mol, 1 kJ = 0.278 Wh and 3,600 C = 1 Ah.
Similarly, the energy can also be indicated as a function of both the E0cell and the product of n
and F: charge capacity of the battery (expressed in Ampere-hour, Ah). The computed energy is
then converted to the battery energy unit, Watt-hour (Wh). Then, using the overall mass of the
reactants, the theoretical gravimetric/specific energy (Wh/kg) can be obtained. The amount of
energy can be similarly expressed as the energy density (Wh/L) using the overall volume of the
reactants. Most of the cell redox reactions have their own limitations (such as reactant mass
transfer deficiencies, electrode side reactions, etc.) resulting in inefficiencies compared with the
design. In addition, inactive components of the battery provide additional bearing on the overall
weight; with all of these considered the practical energy of the battery is reported.
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Figure 2.1 presents the ranges of practical specific energy (Wh/kg) and volumetric energy
(Wh/L) of the most widely used types of batteries. Comparing the types of batteries, it is
unanimous that in both energy measures LIBs dominate the technology race. Likewise, the
summary of specific energy values (theoretical and actual) in Table 2.1 point to the same
direction. The order can be summarized as follows: LIB ~2 NiMH ~ 4 PbA. As an anode, Li is
the most electropositive (-3.04 V vs standard hydrogen electrode) as well as the lightest metal
(46.94 g/mol and 40.53 g/cm3) [2]. Considering electrode pairs in Figure 2.2, LIBs will
consequently have high potential values (>3V) and, because of Li’s lightness, the overall battery
can store more charge per unit weight. The combination of these properties compared to other
battery technologies, making the LIB an attractive choice for applications needing high power
and energy. Additional advantages of LIBs include high charge retention and a diverse
possibility of chemistries. At present the LIB reactions have not yet been fully perfected. Li
plating issue during overcharge/overdischarge can lead to cell termination and possible explosion.
This in effect causes anxiety and the use of a sophisticated battery management system (BMS) is
at times needed to properly regulate the energy of the battery. Faulty use of LIB can also yield to
severely shorten lifespan. Despite these, the benefits of using LIB still outweigh the problems.
Since the area is an active field of research, new studies will eventually contribute in surpassing
these limitations.
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Figure 2.1 Gravimetric and volumetric energy density of rechargeable battery systems [3].

Table 2.1 Rechargeable battery types specific energy values.
Battery

Potential
Overall Reaction

Mobile Ion

Type
PbA

Pb + PbO2 +2H2SO4
2PbSO4 + 2H2O
NiOOH + MH

NiMH

Specific Energy (Wh/kg)

Electrons
(V)

Theoretical

Actual/Practical

SO4-2

2

2

167

35

H+

1

1.2

200

80

Li+

1

3.6

360

200

Ni(OH)2 + M
LIB

LiC6 + 2Li0.5CoO2
2LiCoO2 + C6
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Figure 2.2 The potential versus capacity of positive and negative electrode materials. The materials are
currently used or under development for rechargeable LIBs [4].

2.1.3

Electrochemical Analysis and Cell Performance
Batteries are electrochemical devices and subjected to electroanalytical methods

measuring the cell potential and/or current to analyze battery characteristics. Electrochemical
analysis has three main classifications based on what is measured and what is controlled. (1)
Potentiometry measures the potential between electrodes; (2) Voltammetry measures the current
response at variable potential values and (3) Coulometry that measures the cell’s current over a
period of time. Results from tests are able to be translated to indicate the battery’s or electrode’s
charge/discharge capacity, reaction mechanisms, rate performance and other pertinent
performance measures.
In order to perform the electroanalytical tests, the battery’s cell is connected in a circuit
with a potentiostat. The cell is assembled as a three electrode set-up as shown in Figure 2.3
having a (1) Working electrode, (2) Counter electrode and (3) Reference electrode. The working
electrode is designated as the electrode where the half cell reaction of interest is occurring. The
counter electrode is provided to get the other half cell reaction, balance the charges with the
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working electrode and provide a site of electrical current flow. The	
  reference electrode is a half
cell with an established reduction potential from a well-known reaction. It is primarily used as a
voltage reference state in measuring and controlling the working electrode’s potential and at no
point does it pass any current. In the study concerning the development of LIB anodes, the three
electrode configuration is considered as the full cell assembly. This is executed using the
experimental anode for the working electrode, a stable or commercial electrode (e.g., LiCoO2) as
the counter electrode and Li/Li+ as the reference all in contact with a known electrolyte (e.g., 1
M LiPF6 in 1:1 ethylene carbonate (EC), dimethyl carbonate (DMC) solvent mixture).
Simplification can also be done by having the Li/Li+ electrode act as both counter and reference
electrode. The two electrode configuration is also known as the half cell configuration. Cells that
are assembled in a Swagelok cell in both two and three-electrode set-up are illustrated in Figure
2.4.

Figure 2.3 Three electrode configuration in a test cell. Electrode designation is as follows: (1) Working
electrode, (2) Counter electrode and (3) Reference electrode.
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Figure 2.4 Swagelok cell assembly overview. The two cells indicate the two and three electrode
configuration [5].

Chronopotentiometry is measurement done to assess the charge storage capability of the
cell. This measures the change in potential with a constant current supply/draw (charge/discharge)
at the working electrode. A cycle of a typical chronopotentiometry curve of LIB anode is
depicted in Figure 2.5. Using a device such as a potentiostat, an initial voltage is recorded as the
cell’s open circuit potential (VOCV) versus the reference. After this an input constant current is
supplied to the cell, prompting the charge reaction to occur. Voltage flat-outs or plateaus in the
graph roughly indicate the voltage (redox potential) locations of the characteristic reactions. The
charge phase/reaction then terminates at a user specified voltage value, usually indicating full
charge. For LIB anode tests cut off are typically around 0.01 to 0.02 V to be able to avoid
detrimental Li plating that will happen at overcharge (0 V and below). The discharge reaction
follows with the draw of constant current from the cell. Again, a voltage plateau indicates the
discharge reaction happening then proceeding to the cutoff discharge potential. The overall
charge and discharge capacity (mAh/g) from the curve is obtained through the following:
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𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦!!!"#$  !"  !"#$!!"#$   (𝑎𝑐𝑡𝑢𝑎𝑙) =

𝑐ℎ𝑎𝑟𝑔𝑒  𝑜𝑟  𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  𝑡𝑖𝑚𝑒 ℎ   𝑥   𝑐𝑢𝑟𝑟𝑒𝑛𝑡 (𝑚𝐴)
𝑎𝑐𝑡𝑖𝑣𝑒  𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙  𝑤𝑒𝑖𝑔ℎ𝑡  (𝑔)

Performing multiple charge-discharge cycles will create a profile that will indicate the cell’s
capacity retention characteristic that will be invaluable for the battery’s life cycle.
Cyclic voltammetry (CV, Figure 2.6) testing is done in order to verify the reactions that
are happening at specific voltage ranges. At the peaks occurring at anodic/cathodic current, CV
is able to identify oxidation/reduction reactions. It is also vital in assessing the reversibility of the
reactions through the peak locations. The closer the peaks, the more reversible it is, indicating
that the phenomena that caused the current peak during oxidation cycle also cause the current
peak during reduction. In relation with the chronopotentiometry scans, there is a one to one
correspondence with the CV peaks and the inflection points of the charge/discharge curves.
Likewise, by integrating the CV curves, and using the testing time (and voltage scan rate) the
charge/discharge capacity can also be obtained and properly correlated with the charge/discharge
curve.

Figure 2.5 Chronopotentiometry scan curve. The curve indicates charge and discharge regime of the test
cell.
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Figure 2.6 Cyclic voltammetry scan. Current peaks indicate the potential where electrode redox reactions
occur.

C-rate (h-1) is a term related to the rate at which the battery is charged and/or discharged.
Simplifying, a C-rate is the number of charge or discharge cycles that can be performed in an
hour. It is given as follows:
𝐶 − 𝑟𝑎𝑡𝑒   𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐  𝑐𝑢𝑟𝑟𝑒𝑛𝑡  (𝑚𝐴 𝑔)
𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐  𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦  (𝑚𝐴ℎ 𝑔)

The battery’s rate performance can be assessed by utilizing various C-rates (e.g. 1/20 C to 20 C),
due to the reaction limiting mechanisms that become predominant by using higher rates thus
faster charge discharge cycles. Such limitations are predominantly related to the mass transfer
issues which may be due to morphology of the electrode, conductivity of the cell and/or diffusion
of ions, among others.
The ratio of the charge and discharge capacities is known as the Coulombic efficiency
(%). It gives insight to the reversibility of the cell reactions, ease of diffusion of charge-carrying
ions and the irreversibility due to unwanted side reactions. It is computed as follows:
𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐  𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦   % =   

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑚𝐴ℎ 𝑔)
𝑥  100%
𝑐ℎ𝑎𝑟𝑔𝑒  𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑚𝐴ℎ 𝑔)
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In the development of an LIB anode, it is highly desirable that the design would bring
about (1) high specific energy (high specific capacity and high potential), (2) good cycling
performance (stable, reversible and efficient) and (3) a fast charge/discharge rate (improved rate
performance).

2.2

Lithium Batteries

2.2.1

Lithium Metal battery

The first advantages in using Li metal was demonstrated in the 1970s in a primary cell [6].
Because of aforementioned potential, its high theoretical capacity (more than 3860 mAh/g,
Figure 2.2) [7] and variable discharge rate, they were the staple in applications as power sources
of watches, calculators and implantable devices. At the same period in time, inorganic
compounds were observed to have reversible reactions with alkali metals, and by 1972
electrochemical intercalation was understood [8]. The mechanism involves the reversible
insertion of charge-carrying ions between the van der Waals gap of the intercalation material
(electrode). The inorganic compounds were identified as the present-day intercalation
compounds. At the same year, Exxon demonstrated the operation of TiS2, the best cathode
intercalation compound at that time, with a Li metal anode. It was widely accepted due to the
structural retention of the material permitting high rate and high reversibility of the reactions at
ambient temperatures [9]. The improvements brought by the TiS2, is overshadowed by the issues
of the Li metal - liquid electrolyte pairing. The solid electrolyte interphase (SEI) formed between
Li anode and the electrolyte influences the dendritic growth of Li was observed as the cell is
cycled eventually causing electrical shorts and explosion hazards (fueled by flammable
electrolytes). Figure 2.7 depicts the Li electrode surface morphology as the electrodes are cycled
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in a Li cell. Uneven Li deposition on the electrode promotes the severe modification of the
surface in turn creating preferred plating sites characterized by the porosities. The cycles of redeposition of Li eventually forms surface dendrites.

Figure 2.7 Morphology of the Li electrode surface after cycling. (a) 0 cycling (w/SEI), (b) 2 cycles, (c)
10 cycles, (d) 50 cycles, (e) 100 cycles and (f) 250 cycles. Scale bars: (a-b) 10 µm, (c) 5 µm, (d-f) 2 µm
[10].

In-situ atomic force microscopy (AFM) imaging of the Li deposition-dissolution
explained the dendrite formation on the surface. In Figure 2.8, surface film (SEI) composed of Li
salts from the electrolyte solution formed on the Li surface and possesses very limited cohesion
and flexibility [11].

The film cannot accommodate the changes in morphology during Li

deposition and dissolution due to its non-uniformity. The surface films can be easily cracked,
creating a site for preferred dendrite formation during Li deposition and holes during Li
dissolution. The scenario also leads to massive loss of both Li and solution species due to the
surface reactions and the ‘repair’ of the surface films. The study was conducted using a Li
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electrode in an electrolyte of LiPF6 in ethylene carbonate (EC), dimethyl carbonate (DMC)
solvent mixture.

Figure 2.8 Morphological failure mechanism of Li electrode. Li deposition and dissolution with
accompanied AFM images depicting actual sites are shown. The beginning of dendrite formation, the
non-uniform Li dissolution and repair of the surface are shown [11].	
  
	
  

The situation proved to be intolerable for rechargeable battery systems, most of the
commonly used non-aqueous solvents and Li salts were now rendered useless for secondary Li
batteries. Up to recent years, this safety issue is still present in Li battery technology. However
solutions were presented from time to time. A few relevant approaches include the substitution
of Li metal with Li-Al alloy which eventually solved the dendrite problem [12] but suffers
extreme volume changes during cycling, limiting the cycle life of the overall battery. The use of
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ionic liquids as part of the electrolyte to circumvent the Li plating scenario has been
demonstrated. Room temperature ionic liquids (RTILs) are, in cases, flame resistant, nonvolatile
and electrochemically stable showing potentially safe electrolytes with Li metal electrodes [1315]. However, in many cases the ionic liquids which provide optimum performance on the Li
anode often produce poor cycle life with typical lithium battery cathode materials. The use of
pyrrolidinium bis(trifluoromethanesulfonyl) amide ([C3mpyr][NTf2]) as a RTIL showed high
cathodic stability against Li metal, relatively high ionic conductivity, nonflammability and good
electrochemical properties in battery tests [16, 17]. A specific study [18] using [C3mpyr][NTf2]
with 1 M Li bis(trifluoromethanesulfonyl)imide (LiNTf2) as the electrolyte solution with
vanadium pentoxide (V2O5, cathode) and Li metal (anode) indicated the stability of the
electrodes to the RTIL as well as improved the cycling performance versus using LiPF6 in
EC/DMC as indicated in Figure 2.9. Other measures such as addition of an external physical
pressure on the cell components was also proven to avoid Li dendritic deposition [19, 20].

Figure 2.9 Charge-discharge curves for V2O5 in (a) RTIL and (b) conventional electrolyte cycled at 0.1 C
rate (C rate = 437 mAh/g) at 25 °C [18].
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2.2.2

Lithium Ion Battery Reaction Mechanisms
LIBs employ the reversible motion of Li+ ions to move from one electrode to the other

through the ion conductivity of the electrolyte. Electrode reactions are as follows:
Cathode:

𝐿𝑖!!! 𝐶𝑜𝑂! +   𝑥  𝐿𝑖 ! +   𝑥  𝑒 !

Anode:

𝐿𝑖! 𝐶!

!"!#$%

!"!#$%

  𝐿𝑖𝐶𝑜𝑂!

  𝑥  𝐿𝑖 ! + 𝐶! +   𝑥  𝑒 !

During the discharge process, the Li+ ions move from the anode to the cathode through the
electrolyte and the electron flows through the external circuit from the anode to the cathode. This
phase causes the cathode to be reduced and the anode to be oxidized. The exact reverse reactions
occurs during the charge process, the mechanisms are depicted in a commercial cell using
LiCoO2 and C6 as in Figure 2.10 [21].

Figure 2.10 Charge-discharge process in a LIB cell indicating the path of the Li+ ions [21].

There

are

three

identified

reaction

mechanisms

in

which

LIBs

work:

insertion/intercalation, conversion and alloying. The most commonly devised reaction are the Li
insertion/intercalation reaction; in this mode battery electrodes are often called insertion
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compounds due to the way Li+ ions insert/exit the respective electrode during charge and
discharge. The reversible back and forth motion of the ions gives rechargeability of the cell and
hence the LIBs’ present name “rocking chair” batteries. Reiterating, this was first demonstrated
by Exxon in TiS2 (cathode) and metallic lithium (anode) with a non-aqueous electrolyte [9]. In
Figure 2.11 the layered structure of TiS2 permits the insertion of Li+ ions into the van der Waals
gap of the material, the charges are maintained in balance by the reduction of the Ti4+ ions to Ti3+
completing the discharge reactions. At charging the Li+ ions are extracted from the sulfide layers
coupled with the oxidation of the Ti3+ ions. These reversible processes with the movement of the
Li+ ions preserve the structure of the electrodes thereby establishing good reversibility of the
chemistry. This mechanism is what is observed in current commercial cells.

Figure 2.11 The insertion/extraction of the Li+ ions into/from the layered structure of TiS2 during the
discharge/charge reaction [9].

Conversion reactions involve Li consumption of the active electrode material (MXy)
forming nanometal particles (M0) and a Li compound by the reaction [22]:
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Where M represents the cation and X is the anion

In general the Li compound produced during charging provides matrix for the nanomaterial
particles to embed into. The matrix ensures good electronic conductivity, while the nanoscale
nature of the metal nanocomposite provides minimized distance of Li+ diffusion. The mechanism
involves more than one electron transfer in the 3D structure providing large specific capacity. In
addition, conversion reactions also present good reversibility but, due to the large potential
difference between the charge and discharge cycle, the reaction results in poor energy efficiency.
The third mode is through alloying of metallic Li with metallic and semi-metallic
elements which were demonstrated by work since the early 1970s [12, 23, 24]. Alloys are
formed electrochemically with the same composition as those that are metallurgically prepared.
As a result, the phase diagram of the Li and the pure metal electrode in a Li cell can be used to
assess the composition of the resulting alloy at a certain temperature. One exception is the recent
work by Obrovac [25] which revealed the formation of a crystallized Li15Si4 during the
electrochemical charging of crystallized Si at ambient temperature which was not predicted by
the Li-Si phase diagram. Nonetheless, this type of reaction produces Li-rich phases, usually
circulating more than one electron at a time, which induces a significant increase in capacity
compared to insertion and conversion compounds. In this project both the alloying reaction of
Li-Si (majority) and the intercalation reaction of Li-C will be targeted due to their benefits.

	
  
	
  

23	
  
	
  

2.3

Carbon-based anodes
The safety concerns troubling the use of high capacity Li metal anodes during its early

years pushed forth studies to develop anode intercalation compounds for Li batteries. As a
substitute for Li in its metallic state, work by the groups of Murphy [26] and Scrosati [27]
successfully demonstrated the use of Li+ ions in a cell having two intercalation electrodes, hence
the birth of LIBs. LIBs solved the dendrite problems and are now inherently safer than the Li
batteries with better cycleability. In June 1991, capitalizing on early work [28, 29] on the concept
of LIBs using carbonaceous material, Sony Corporation commercialized the LiCoO2/C6 cell. The
chemistry involves the cycling of C6 to LiC6 and vice versa, pairing 1 Li for every 6 C atoms.
The cell circulates a single electron in the process rating the capacity at 372 mAh/g. The cell
chemistry would soon to be a proven success that now it is found in most high-performance
portable electronic devices [2]. The graphite anode is partly responsible for the cell’s
accomplishments, providing the cell with low-voltage Li intercalation-deintercalation process,
and low theoretical irreversible capacity [30]. Recent improvements on carbon anodes using
chemical and physical modifications (pyrolitic processing and mechanical milling, respectively)
are continuously happening, with efforts resulting in the reversible capacity increase to 450
mAh/g (versus practical value of 350 mAh/g,) for graphite due to increase/exposed intercalation
sites in 3D [2]. The use of carbon also gained increased popularity as the anode of choice due to
its availability (low cost), crucial chemical stability and the formation of stable SEI layer with
many electrolytes providing excellent reversibility of Li intercalation [21]. Benefiting also
because of carbon’s good electronic conductivity, most studies use carbon as a means to increase
the conductivity of poor conducting anode candidates.
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A recently explored state-of-the art material, Graphene, is quickly gaining ground as an
upgrade anode material to graphite. Graphene is a 2D material composed of a monolayer of sp2bonded carbon atoms. It is the precursor of carbonaceous materials: wrapping forms fullerene
(C60, 0D), rolling creates carbon nanotubes (CNT, 1D) and stacking creates graphite (3D) as in
Figure 2.12. The material gained acclaim by the early part of the 21st century with its highly
coveted properties such as: extremely high Young’s modulus and intrinsic strength which can
resist high temperature and pressure for even diamond formation. Due to the high quality of the
carbon bonds and its organization, electron mobility is greatly enhanced mimicking massless
transport [31], resulting in highly improved electrical properties compared with other known
materials [32, 33].

Figure 2.12 Graphene as carbonaceous material precursor to fullerene, nanotubes and nanosheets.

During the early studies, graphene sheets were obtained from mechanical exfoliation of
small mesas of highly oriented pyrolytic graphite [34]. The sheets obtained are made up of few
layers having a thickness of ~3 nm over a 10 µm spread, this paved the way to study graphene’s
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exceptional properties and start the widespread interest. Since then much effort has been directed
in scaling the synthesis of graphene to produce sizes necessary for some of its most promising
potential applications. Two main synthesis mechanisms are widely practiced nowadays:
reduction of exfoliated oxidized graphene sheets (OGS) and epitaxial growth using Chemical
Vapor Deposition (CVD).
The reduction of exfoliated OGS produces a few layers of graphene called graphene nano
sheets (GNS), Figure 2.13 depicts the summary of the method. It involves a process chemical
synthesis outlined by Hummers and Offeman [35]. In this process graphite is subjected to strong
oxidizing agents, forming graphitic oxides, dispersed in a solution/slurry and then reduced to
form highly exfoliated graphene sheets. Recent modification of this technique involves the use of
safer acids and a purification process [36] leading to better throughput and yield. The sheets have
an average thickness of several nanometers and an average width of about 20 µm. Although the
technique produces a higher volume yield of GNS, it has been reported that the electrical
properties of such graphene is inferior compared to those obtained from other techniques [37].
Such observation related to the disrupted carbon bonds and end functional groups within the
material, nonetheless, it is still superior to graphite.

Figure 2.13 Summary of the chemical preparation of graphite to get graphene layers [38].
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CVD techniques present mainly the precipitation of a layer of carbon from decomposed
carbonaceous gas on a substrate under high temperature and vacuum conditions. Depending on
the intended use, the layer of graphene may be left on the substrate or separated using
mechanical and chemical treatment. An example scheme is illustrated in Figure 2.14 [37]. The
technique has been demonstrated to grow on Ni and recently on Cu foils [39]. The product from
the Ni-based synthesis was able to show excellent physical properties and the quantum Hall
effect [40]. The Cu foil-based synthesis at present shows the most effective means in producing
large and continuous single layer graphene with promising electrical properties. With further
optimization of the techniques, it has been shown to yield 87% single or double layer graphene
on the target area [41].

Figure 2.14 CVD scheme to get free standing graphene. (a) Ni substrate, (b) Ni is exposed a
carbonaceous gas, (c) CVD dissolves the carbon in Ni, cooled and the carbon precipitates out, (d) etching
of Ni and (e) the free-standing graphene [37].

It is theorized that the ideal capacity of graphene from the intercalation to Li2C6 is 744
mAh/g [42] (twice that of LiC6). This is attributed to the spacing of the sheets where the
intercalation sites on both sides of graphene are widely available. This has not been achieved
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experimentally, yet the application as LIB anode has been validated. Due to the high volume
output of the chemical methods, GNS formed from the reduction of layer-by-layer exfoliation of
oxidized GNS (OGS) has been studied as a potential anode material. Multiple varieties of GNS
anodes with functional nanocarbons were investigated: (a) graphite (for baseline values), (b) pure
GNS, (c) GNS+CNT and (d) GNS+C60. The GNS is made out of 6-15 graphene layers stacked
together as depicted in Figure 2.15. The resulting electrochemical performance are outlined in
Figure 2.16 A and B. The charge-discharge curve of graphite indicates typical Li
insertion/extraction in crystalline graphite at around 0.1/0.2 V. For the materials based on GNS,
no apparent plateaus are visible and they significantly deviate from typical graphite, indicating a
different mechanism of Li accommodation that is based on the graphene spacing. The spacing of
the graphene sheets (d-spacing) are enhanced/expanded due by the π-electrons of CNT and C60
(Figure 2.16 C), as a result increased accommodation of Li (ion size = 76 pm) is observed
(Figure 2.16 D). At a current density of 0.05 A/g the cycle performance is summarized in Figure
2.16 A, the first charge capacity of GNS anode is 540 mAh/g while GNS+C60 is 784 mAh/g,
which are much better than graphite at 320 mAh/g. However, charge retention after 20 cycles is
observed to be 54% and 77% (trending down) compared to graphite at 78%. These GNS material
shows utmost promise as a LIB anode material.
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Figure 2.15 Close observation of OGS and GNS materials during the preparation for electrode use. (a-b)
SEM images of GNS, TEM images of (c) OGS and (d) GNS, and (e-f) cross-sectional TEM of GNS [43].

(C)	
  

(D)	
  
	
  

Figure 2.16 Cycle and characteristic properties of GNS anode. The materials are: (a) Graphite , (b) pure
GNS, (c) GNS+CNT and (d) GNS+C60. (A) First cycle charge-discharge profiles, (B) cycle performance,
(C) variation of d-spacing with the number of graphene layers and (D) capacity to d-spacing relationship
[43].
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It is also proven that the improvements in Li storage capacity and cycling performance
thru modifications of carbonaceous anode materials were all due to the graphene structure
functionality [44]. After the discovery and development of the graphene material, trends develop
to incorporate the material in carbonaceous electrodes. Two major types of graphene-containing
electrodes were developed, those that contain ordered (Figure 2.17 A-C) and disordered (Figure
2.17 D-F) graphene material.

Figure 2.17 Illustrations of graphene-based canbonaceous materials: (A-C) ordered graphene structures,
and (D-F) Disordered graphene structures. (G) shows intercalation of Li in ordered graphene and (H) in
disordered graphene [45].

Carbonaceous electrodes provide long diffusion distances for Li+ ions to migrate to and
fro the host position between the graphene layers (Figure 2.17 G); this is accounted based on the
length of the graphene layers forming long-range crystalline order as in Figure 2.17 A. The result
is the limitation of carbonaceous electrodes to permit accelerated charge-discharge cycles that is
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highly demanded by the likes of EV applications. Milling the graphite to nanoscale structure has
been demonstrated to minimize diffusion and improve anode performance [46]. Figure 2.17 B
structure, synthesized by CVD

method [47] and other methods using porous alumina

membranes [48] formed carbon nanofibers (CNF) and essentially minimized diffusion to the
radius of the fibers. Improvements of the rate capability were observed with the structures:
reversible capacity was 461 mAh/g at 0.1 C rate and even 170 mAh/g at 10 C rate with the
Columbic efficiency of 95% [49]. Further reduction of the CNF diameter resulted in improved
rate capability as depicted in Figure 2.18.

Figure 2.18 Cycling performances of CNFs with 30 and 200 nm diameter, including also is a
carbonaceous material from the bulk state (without template). Current densities were varied every 5
cycles: the runs started from 50, to 200, 500, 1000, 1500, and 2000 mA/g [50].

In close comparison with the specific energies of upcoming materials for LIB anode
materials (e.g., alloying metals), carbonaceous materials are in the lower end of the spectrum.
Due to the perfection of graphene structure and their stacking in the graphite structure, only one
Li ion can be intercalated in every six carbon atoms to form LiC6 (Figure 2.17 G), giving a
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maximum capacity of 372 mAh/g. The use of carbon nanotubes (CNT, curled graphene) as in
Figure 2.17 C suggests that both outer and inner wall of the tube can host Li+ ions similar in
Figure 2.17 H. This could potentially result in a C/Li ratio of 2 and increase the capacity by
three-fold [51], however experimental studies [52, 53] revealed a mere 25% increase in
reversible capacity compared to graphite. Additional irreversibilities were also observed due to
the difficulty of Li+ ions to diffuse through the walls of the CNTs into the interior, alternately the
ions prefer to enter the tube through defects or the open ends of the tube[54] . Several other
suggestions like the shortening of the CNTs provide almost double the capacity as that of long
CNTs; the introduction also of CNF into the CNTs provided enhanced capacity and stability [45].
Researchers have long realized that the specific capacity of disordered carbon is much
higher than the ordered carbon materials. It was back in 1995 that it was properly explained that
disordered graphene forms Li2C6 inside LIBs [42]. According to this explanation both sides of
the graphene could host Li, it was also theorized that incorporating hydrogen can further improve
the capacity. Studies have demonstrated that the increase in single layer graphene fraction,
including micro-porosity in the disordered carbon increased the reversible capacity [55]. With
this, much effort has been directed in the formation of structures with single layer graphenes as
in Figure 2.17 E. Porosity has been well established to improve capacity and cycling
performance of disordered carbons by minimizing the diffusion distance of the Li+ ions (Figure
2.17 F). However it was also revealed that porosity can also intercalate the electrolyte molecules
into graphene layers that can increase the irreversible capacity in cycling [45], therefore
introduction of porosity should be done carefully. Keeping this in consideration, engineered
carbon materials with highly ordered mesoporosity from pyrolysis of sucrose in the mesoporous
silicate SBA15 produced extremely high initial charge capacity reaching to 3100 mAh/g (with a
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reversible capacity of 850-1100 mAh/g) [56]. The initial charge capacity as well as the large
reversible capacity is believed to have been the result of the three-dimensional mesoporosity
leading to Li8.4C6. Also very recently, structures with some degree of order similar to Figure 2.17
D can be graphitized at higher temperatures, leading to improved high rate performance. At 1C a
reversible capacity of 540 mAh/g was obtained, 260 mAh/g at 10 C, 145 mAh/g at 30C and 70
mAh/g at 60C; compared to stationary capacity of most carbon materials which is 500 mAh/g at
C/5 rate. Treating at more than 1000 °C resulted in decreased reversible capacity due to the
crystallization and extension of graphene layers.	
   A structure containing short, disordered (with
mesoporosity) graphene layers, with fillers of C60 will be targeted as a component of the anode
material being developed.

2.4

Silicon-based anodes
The capacity values of pure metals as negative electrodes for LIB has been extensively

investigated in recent years due to the resulting Li-rich alloys. Figure 2.19 summarizes both
gravimetric and volumetric capacity of candidate electrodes. Graphite is displayed as a reference
for the rest of the materials. For the current technology, the theoretical capacity is rated at 372
mAh/g. Targeting the right elements to be studied for future LIBs presents a balance of
capacities, abundance, cost and toxicity. From the candidates Si, Sn, Al and Pb are the most
promising in terms of the criteria. Si leads the gravimetric capacity at 3,750 mAh/g based on the
Li-Si alloy of Li3.75Si (Li15Si4) [25] while Al is merely 25% of Si, these two materials belong to a
mature infrastructure of production and are considered to be the most abundant in the Earth’s
crust. In terms of volumetric capacity Si still has the greatest value at around 8,500 mAh/mL
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while Sn and Pb are around 65-75% of Si. A good balance of the criteria leads primarily to the
use of Si which is around a 10-fold increase from graphite in both capacities.

Figure 2.19 Gravimetric and volumetric capacities of pure metals considered for alloying reaction with Li.
Inclusion of graphite capacities are for baseline comparison [57].
	
  

Si as part of or the main component of negative electrodes for LIBs will form extremely
high capacities as seen in Figure 2.19 due to high numbers of incorporated Li. However, an early
work of Dey [24] pointed out: alloying caused complete disintegration of the electrodes and the
consequent loss of electrical contact. By the simplistic analysis of the alloy reaction this
phenomenon is not so unexpected, in the case for Si there is an almost dilution of more than 5
factors (4.4 Li + Si →Li4.4Si: 440% rise in the number of atoms). Since then many other authors
have witnessed and confirmed electrode pulverization through volume expansion at more than
300% [25, 58]. With this major hurdle work is now directed in finding ways to limit or minimize
the fracture and or loss of cohesion to achieve good cycling behavior more than the given high
capacities.
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Amorphous Si films deposited on dense metallic substrates such as Cu were shown to
have very good cycling efficiency when cycled down to 0.02 V (vs. Li+/Li) according to Figures
2.20-21. From this work, it was postulated that good cycling behavior is linked to the quality of
adhesion of the film on the substrate that maintains good electrical contact. The first lithiation
cycle induces an increase in film thickness perpendicular to the substrate; also evidence of
curling of the films indicates the existence of stresses in the expanding material. The removal of
Li shrinks the expanded film, inducing large cracks creating the formatted film, subsequent
cycles then creates “breathing” of the material as in Figure 2.22. The use of amorphous deposits
prevents any anisotropic expansion of oriented grains within the films during alloying. Hence, it
is now accepted and well documented that Si films can exhibit good reversibility provided they
are made amorphous (or become amorphous on the first cycle) and remain amorphous during
cycling [57]. Likewise the absence of phase transitions and isotropic expansion contributes to the
improved cycling performances of amorphous Si.

Figure 2.20 TEM cross section images of evaporated amorphous 100 nm thick Si showing uniform
continuous film. Cyclic performances for Si nanoparticles, bulk Si and graphite [59].
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Figure 2.21 TEM image of amorphous Si film deposited by radio-frequency (rf) magnetron sputtering on
Cu foil. Cycling performances of Si films according to deposit thickness and cycling rate [60].

Figure 2.22 Left: morphological similarities of Li-alloy film (top) and cracked dry lake bed (bottom).
Right: in situ optical microscopy images showing textural evolution upon cycling of amorphous Si-Sn
film sputter deposited on a stainless steel disk [61].
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Structural modification of Si in order to accommodate large strain without pulverization
has been demonstrated using Si nanowires (SiNW) as electrode. The SiNW were deposited on
stainless steel substrates via a CVD vapor-liquid-solid (VLS) method [62] as indicated in Figure
2.23. Cycling was visually indicated (Figure 2.24) to increase the SiNW diameter rather than the
length, with ample spacing between the nanowires, pulverization is avoided. Using the material
as an electrode, the first charge resulted in 4,277 mAh/g which is essentially the theoretical
capacity (within experimental error), the first discharge gave 3124 mAh/g reflecting a Columbic
efficiency of 73%. Subsequent cycling gave 90% efficiency. During the first charge, the
crystalline nature of the SiNW was converted to amorphous LixSi, the following charge cycles
showed different voltage profiles characteristic of amorphous Si. At C rate, discharge is 5 times
better than the conventional graphite anode. The structure demonstrated stable capacity, however
results were only of 10 cycles [63] . Typical charging of Si (vs. Li electrode) is performed going
to 10 mV and based on reported literature a crystallization transformation occurs at that point
resulting in lower cyclability. Limiting charge runs to 70 mV results in improve efficiency and
cyclability due to the suppression of the transformation at low potentials allowing SiNW
reversible cycling [64]. A core-shell structure of crystalline and amorphous phases of Si was
devised to get the mechanical stability of the crystalline phase and the cyclability of the
amorphous phase. In this work selective cut off charging voltages were used to prioritize
lithiation of the amorphous phase and preserving the crystalline phase [65].
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Figure 2.23 (a) Apparatus for SiNW synthesis. (b) SiNW growth process with the corresponding regions
on the Au-SI phase diagram. (c-d) SEM images of the synthesized SiNW [64].

Figure 2.24 Schematic representations of the morphological changes of Si during electrochemical cycling
[63].
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Kim et al. [66] studied Si-nanoparticles (SiNP) formed by a reverse micelle method to
establish a critical size of the nanoparticles where volume expansion is minimized if not removed
during cycling. Controlled SiNP sizes of 5, 10 and 20 nm were synthesized without aggregation.
From the synthesis results, amounts of SiOx were determined to be increasing with the decrease
of SiNP size. SiOx was said to decompose to Si and xLi2O and contribute to the irreversibility of
the system. Likewise, the reactivity of the SiNPs increases as the nanoparticles become smaller;
this permits intensive side reactions between the material and the electrolyte prompting the
formation of a nonconducting SEI layer. Due to this, also, the capacity retention for the smallest
particle (5 nm) is also lower compared to the other sizes in the study (Figure 2.25). The resulting
capacities of the SiNPs are comparable to the theoretical value with the 10 nm particle
outperforming the others in terms of cycle performance. Moreover, the performances are further
enhanced by the application of carbon coating, it is theorized that the coating served as the
means to minimize the side-reaction with the electrolyte. Close examination of the structures
after charging revealed no expansion on the 5 and 10 nm particle sizes (for 20 nm there was a
slight change in morphology). Possible explanations for the preservation of the particles include
the surface area to volume ratio significantly increase in nm range particles. Also, dislocations
generated during cycling can easily move to the surface and pose no effect to the particles. This
also supports previous studies that the fracture toughness of lithiated SiNPs smaller than 20 nm
or nanowires smaller than 100 nm is significantly improved [67]. For the Si component of this
study, nanosized particles will be targeted. Voltage control of reactions will also be aimed to be
able to maintain an amorphous phase of the Si.

	
  
	
  

39	
  
	
  

c)	
  

Figure 2.25 a) Charge-discharge profile SiNPs during the first cycle using at rate of 0.2C between 0 and
1.5V. b) Charge capacity of the particles and c) Coulumbic efficiency indicating the improved cyclability
of the particles [66].
	
  

2.5

Silicon/Carbon-based Anodes
The latest applications of graphene materials involve encapsulation of alloying materials

such as Si. This idea is for graphene to act as a buffer matrix to improve conductivity and
mechanical integrity during cycling. A homogeneous dispersion of nanocrystalline Si particles
(60% w/w) in a carbon aerogel displayed 1450 mAh/g capacity. Also, spray pyrolysis of a nanoSi dispersion in a mixture of citric acid and ethanol produced spherical carbon-coated silicon
nanocomposites, with 44% Si weight percent the initial charging gave 2600 mAh/g and a
subsequent discharge of 1857 was attained (71% efficiency). Twenty cycles following this,
capacity was maintained at 1489 mAh/g with a Columbic efficiency of 99% [68]. When SiNW
were encapsulated with mesoporous disordered graphene both initial capacity and Columbic
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efficiency were improved. The first charge was 3664 mAh/g while the discharge gave 3163
mAh/g for an efficiency of 86%. After 80 cycles, 87% capacity retention was maintained with
2738 mAh/g. The improvements were related to the mesoporosity, arrangement of the GNS and
the good contact of the materials.
An electrode with a core-shell design of carbon-silicon nanowires was proposed by Cui
[69], where amorphous silicon was CVD-coated onto commercial carbon nanofibers. During
cycling carbon experienced less stress and damage due to lower capacity compared to the Sishell, the carbon core also functions as a mechanical support and an efficient electron conducting
pathway. The capacity was around 2000 mAh/g and showed good cycling life, with an initial
efficiency of 90% and 98-99.6% for the following 80 cycles. Similarly a Si nanotube (SiNT)
electrode was proposed by the same group. The structure was prepared by reductive
decomposition of a silicon precursor in an alumina template and etching (Figure 2.26), then
application of carbon coating to promote stable SEI formation. The main idea of the structure is
that nanotubes allow the hosting of Li at the interior and exterior of the structure giving enhanced
capacity. In a half-cell configuration versus Li metal, SiNTs show very high reversible charge
capacity of 3247 mA h/g with Coulombic efficiency of 89%. At an increased rate to 5C, the
electrode also demonstrated superior capacity retention. In a full cell with LiCoO2 as the cathode,
the cell demonstrated a 10 times higher capacity than commercially available graphite even after
200 cycles [70]. During cycling microscopy, results indicate that amorphous Si became the
predominant phase, thereby the increased capacity. Since the resulting SiNT structures have less
than a 100 nm diameter, the fracture toughness of the material is enhanced, permitting
continuous cycling. This effect could be because the surface area to volume ratio increases
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dramatically when size decreases to the nanometer range, and any dislocations may be quickly
drawn to the surface [59, 71].

	
  
Figure 2.26 (a-c) FE-SEM images of the SiNTs, (b) top view and (c) side view. (d-f) TEM images of the
SiNTs, (e) edge of the outer wall, (f) inner of surface nanotube wall; arrows indicate the tube walls in (d)
[70].

A Si-C composite material was devised by the deposition of a nanoscale layer of Si
particles on low cost CNFs using a novel method [72] to produce a material with four-fold
improvement in charge capacity over existing graphitic anodes. The material in Figure 2.27 was
synthesized through a CVD method involving the thermal decomposition of silane to produce
nanoscale coating of amorphous Si with a graded interphase with the CNF. At a 1:3 Si to C ratio
the initial capacity reached to 1250 mAh/g, a third of the capacity of Si. After 100 cycles the
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capacity went down to 500 mAh/g. It was believed that the graded interphase, which was
supposed to accommodate the expansion and contraction, needed further understanding as Si
may have fractured from the surface. Si particles created a coating on the CNF, application of the
critical Si nanoparticle size of 10 nm might circumvent the degradation of capacity.

Figure 2.27 (a) TEM image of the CNF prior to Si coating. (b) SEM image of the CNF with low loading
of Si creating islands of nodules and (c) TEM image depicting higher loading essentially creating a Si
jacket on the fiber. High surface areas are achieved to enhance rapid lithiation/de-lithiation for higher
power capability [73].

2.6

Hypothesis
In view of the preceding works pertaining to Si-based anodes, the alloying reaction will

have expected volume expansions during electrochemical cycling. Such volume variations can
lead to the loss of electrical contact between the active materials that will yield eventual
electrode failure. In order to improve the useful life of the Si anode a pairing with a stable
carbonaceous material is essential. An anode scheme featuring SiNP and graphene forming a
standalone SiNP/graphene composite anode is chosen as the prototype material (Figure 2.28).
Improved management of expansion stresses via dislocation movement on nano-sized Si
particles will permit the material to function as a high capacity anode material at extended
number of cycles. The 3D matrix film of customized graphene nanosheets will provide a short
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diffusion path that will lead to highly efficient electron transport. Further engineering the
composite anode to improve particle protection, conductivity and SEI formation will have
advanced rate performance characteristics. As a starting point, the next chapter examines the
viability of the anode design as well as improvement in the dispersion aspect of the active
materials to effectively use Si as an anode material.

Figure 2.28 Representation of the composite anode design: SiNP within graphene sheets to form a
standalone anode material (not to scale).
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CHAPTER 3
A SILICON NANOPARTICLE/REDUCED GRAPHENE OXIDE COMPOSITE ANODE
WITH EXCELLENT NANOPARTICLE DISPERSION TO IMPROVE LITHIUM ION
BATTERY PERFORMANCE
	
  

Composite anodes of SiNPs and reduced graphene oxide (RGO) sheets with highlydispersed SiNPs were synthesized in order to investigate the performance related improvements
that particle dispersion can impart. Three composites with varying degrees of particle dispersions
were prepared using different ultrasonication, and a combination of ultrasonication and
surfactant. With more dispersed SiNPs, the capacity retention and rate performance as evaluated
by galvanostatic cycling using increasing current density rates (500-2,500 mA/g) also improved
compared with anodes that have poor particle dispersion. These results demonstrate that better
nanoparticle dispersion (small clusters to mono dispersed particles) between the stable and
highly conducting RGO layers, allows the carbonaceous matrix material to complement the
SiNP-Li+ electrochemistry by becoming highly involved in the charge-discharge reaction
mechanisms as indicated by chronopotentiometry and cyclic voltammetry. Particle dispersion
improvement was confirmed to be a key component in a composite anode design to maximize Si
for high performance LIB application.
	
  

3.1

Experimental Procedures

3.1.1

Graphite Oxide Synthesis
The RGO precursor, graphite oxide was prepared using a two-stage Hummers’ method

according to Kovtyukhova [74]. Graphite (2 g, Dixon Microfyne, Ashbury, NJ) was pre-oxidized
in an oil bath at 80°C for 4.5 h using 30 mL H2SO4 (95%) with pre-dissolved K2S2O8 (1 g) and
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P2O5 (1 g). After cooling, the solution was diluted with 1 L of deionized water (DI), and then
filtered and washed until the filtrate was pH neutral. The pre-oxidized graphite was mixed with
80 mL H2SO4 in an ice bath. While maintaining stirring, KMnO4 (10g) was added stepwise for
the reaction to proceed just below room temperature for 2 h then followed by careful dilution
using 150 mL DI. During this process, the solution temperature was kept below 50°C. After
additional stirring for 2 h, further dilution with 500 mL DI was then followed by slow addition of
H2O2 (30%, 8.3 mL). The mixture was then allowed to settle overnight and then decanted. The
product was purified using repeated rinsing and centrifugation with 5% HCl and DI. The
resulting graphite oxide suspension (about 10 mg/mL) was then stored in an amber bottle at
room temperature.

3.1.2

Nano-Si preparation
A 5-10 nm distribution of SiNP was acquired from Meliorum Nanotechnology

(Rochester, NY). The particles were stored in an Ar-filled glovebox with O2 and moisture
content both <1 ppm. Prior to use, the particles were exposed to air overnight in order to develop
ample surface hydrophilic oxide layer for proper dispersion.

3.1.3

Composite anode formation
The oxidized SiNPs were weighed and then dispersed in three different ways as depicted

in Table 3.1: (1) sonication (Branson Model 2510, Danbury, CT, 100W, 50/60 Hz) for 1 h (S1)
or (2) sonic probing (Misonix, Ultrasonic Cell Disruptor, Farmingdale, NY, 100W, 22.5 kHz) for
1 h (S2). Dispersion (3) was prepared by dispersing the SiNP in methanol with a 1% (v/v)
content of n-octyl alcohol (99%) by sonic probing under the conditions described for S2 (S3).
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After the dispersion step, the standalone composite anode was produced without the need for
binders and conductive diluents following the procedures as outlined in Lee’s work [38]. An
appropriate amount of graphite oxide suspension was added to the dispersion to make a 1:1
weight ratio (SiNP:C). It was then subjected to the same sonication technique (from prior step)
for 2 h. Sonics exfoliate the expanded structure of graphite oxide to form the GO platelets while
at the same time dispersing the SiNPs. All sonics-based steps were performed in room
temperature conditions and were closely monitored to minimize temperature increase. After this,
the sample was vacuum–filtered (setup: Millipore 47 mm all-glass vacuum filter holder – funnel
and flask; filter: 0.2 µm pore, Whatman Anodisc) forming a solid composite. During filtration,
SiNP cross over was minimized due to the initial deposition of GO platelets on the filter surface.
The resulting anode was then air-dried followed by thermal reduction. The reduction was done
using 10% H2 (balance Ar, 100 mL/min) at 700 °C for 1.25 h. After the reduction, the standalone
SiNP/RGO composite material was sampled, weighed and prepared for testing.

Table 3.1 Effect of preparative condition on SiNP dispersion in RGO matrix
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3.1.4

Battery assembly	
  
The cells were assembled in a Swagelok-type cell [5], loaded typically with ~1 mg of the

composite (1.5 mg/cm2, 5-10 µm thick) as the working electrode and Li metal (99.9%, 0.75 mm
thick, Alfa-Aesar) acting as both counter and reference electrode (half-cell configuration). A
solution of 1.0M LiPF6 dissolved in ethylene carbonate (EC)/ dimethyl carbonate (DMC) 1:1(v/v)
solution was used as the electrolyte. The cells were fabricated and cycled in an Ar-filled glove
box.

3.1.5

Characterizations

3.1.5.1 General characterizations
SEM images were taken using a JEOL (Peabody, MA) Model JSM-6510LV-LGS at 25
kV. Chemical composition analysis was done using the equipped Energy Dispersive X-ray
Spectrometer (EDS). Thermogravimetric analysis (TGA) was carried out on a Model TA
Instruments 2960 (New Castle, DE) at a heating rate of 10 °C/min in air, from which the contents
of Si in the composites were determined considering the adjustments for Si oxidation. GO
platelet imaging was acquired by AFM (Digital Instruments Dimension 3100, Plainview, NY) by
immobilizing a representative area onto a freshly cleaved mica surface at room temperature
under N2 purge. A normal tapping mode silicon cantilever (300 kHz, 40 N/m, T300, nanoScience
Instruments/Vista Probes, Phoenix, AZ) was utilized for optimum resolution.
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3.1.5.2 Dispersion characterization
The composite morphology was investigated using a transmission electron microscope
(TEM). TEM micrographs were acquired on a JEOL-2010 FasTEM at 200 kV. The TEM
samples were prepared by dispersing a small area of dry anode in ethanol with sonication for 1 h.
Then a drop of sample solution was casted on 300 mesh copper TEM grids covered with thin
amorphous carbon films.

3.1.5.3 Electrochemical characterizations
Electrochemical cycling of the assembled cells was performed galvanostatically with a
cut-off voltage range of 0.02 – 2.0V while maintaining a constant current density of 500 mA/g
for 40 cycles. This current density was used to determine the highest (optimal) capacity of the
composite material. After this step, varying densities of 900, 1,500, and 2,500 mA/g were used
after every 10 cycles to assess the rate performance of the cells. The cells were then cycled back
to a current density of 500 mA/g in order to measure the changes in capacity following previous
high current density cycles. CV measurement was performed using a single scan rate of 0.04
mV/s over a range of 0.01 – 2.0V to gain a better understanding of the reaction mechanisms. The
baseline performance was evaluated using around 1 mg of RGO (0.7 mg/cm2, 25 µm thick)
without any SiNP loading. In all the electrochemical tests, a Gamry (Warminster, PA) Reference
3000 and series G 300 potentiostat/galvanostat was used.
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3.2

Results and discussion

3.2.1

RGO characterizations
Figures 3.1a and 3.1b show that the GO (around 1µm x 1µm) from the synthesis are

about a nanometer thick platelets. After the filtration/formation process, GO platelets stacked
together to form a 4 µm thick film (Figure 3.1c) that appears similar to those of previous studies
[43, 75, 76]. Thermal reduction produced a RGO film (Figure 3.1d) with an expanded thickness
of 25 µm. The RGO film produced is comparable to those that exhibit defects [77], as indicated
by the similarity of the Raman profile (Figure 3.2). EDS surface chemical analysis shows that the
GO has 33% (w/w) oxygen content (66% C and <1% trace: Al, Cl and S), suggesting the
presence of imperfections. Moreover, 10% oxygen (89% C and <1% trace: Al, Cl and S) is still
retained after reduction to RGO, further suggesting that few sp3-hybridized carbon atoms are
recovered back into an sp2-hybridized state [75]. This in turn retains distortions in the RGO
morphology. Close examination of charge-discharge profiles of high quality graphene-based
electrodes [43] indicate a different insertion mechanism (e.g., edge type and adsorption at both
sides of sheets) compared with stable graphite electrodes (charge: 0.1 V, discharge: 0.2 V).
Using graphene, charge-discharge occurs at higher potentials, as a result, stable interactions with
the electrolyte are possibly compromised and poorer cycling stability (compared with graphite)
was observed [43]. Thus, a matrix consisting of imperfect RGO layers may offer better cycling
stability (vs. mono to few layers of pristine graphene) and conductivity (vs. graphite).
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Figure 3.1 (a) AFM image of a representative GO platelet, (b) sectional analysis indicate that the
platelet has 0.92 nm thickness. Cross-sectional SEM images of the (c) GO film and the (d) RGO
film after reduction

Figure 3.2 Raman spectra of the RGO film after thermal reduction indicating imperfections in
the RGO sheets
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The electrochemical performance of the RGO film without any SiNP is summarized in
Figure 3.3. As a convention, the accommodation of Li+ (lithiation) into the working electrode is
identified as the charge reaction while the release of Li+ (delithiation) is called the discharge
reaction. The charge-discharge curve (Figure 3.3a) demonstrates a gradually changing potential
profile compared to the steep profiles of high quality graphene [43]. The trend indicates that the
interaction between Li+ and RGO (vs. high quality graphene) happens at a lower, more stable
potential indicating better cycling stability. Using a lower current density (150 mA/g), the
change in charge-discharge voltage during cycling is less pronounced than when larger currents
are applied. Figure 3.3b shows the rate capability of the film. Cycling using 150 mA/g, a first
discharge of ~300 mAh/g with 40% Coulombic efficiency is observed. Such low efficiency is
also observed by others [78-81] which are attributed to the high surface area of graphene (and
RGO) and the formation of SEI as evidenced by their initial charge-discharge curves, CV plots
(and differential capacity curves). After 40 cycles using the same current density, the discharge
capacity is at 230 mAh/g with >99% efficiency. Varying the current densities to 300, 750 and
1,500 mA/g displayed average discharge capacities of 200, 160 and 120 mAh/g, respectively.
Cycling back to 150 mA/g the capacity returned to 230 mAh/g. It should be noted that the
average Coulombic efficiency during the variable current runs was >99%. This further
demonstrates the stability and rate performance of the film.
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Figure 3.3 (a) Charge-discharge profile of the RGO film using different current densities and (b)
cycling performance of the RGO film

3.2.2

SiNP/RGO composite anode
Kim et al. [66] reported that ~10 nm is the optimal size for SiNPs as a LIB anode

material. This particle diameter was found to be the most stable when cycling at 900 mA/g,
showing no appreciable changes in particle size observed after 40 cycles. Likewise, modeling by
Dimitrijevic et al. [82] predicted that cracking damages during lithiation are negligible for Si
(and Sn) particles that are 20 nm and smaller. Thus, the SiNP employed in this study was chosen
considering both works: distribution of 5-10 nm.

3.2.2.1 Dispersion
Figure 3.4 shows the TEM images of SiNP/RGO composites produced through different
dispersion techniques. Large particle agglomerations greater than 300 nm are clearly observed in
S1 (Figure 3.4a), which suggests that the applied energy is not strong enough to disperse the
SiNPs and thus agglomeration occurs. In S2 (Figure 3.4b) the agglomerations are smaller than in
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S1; and smaller particles are now evidently seen dispersed throughout the material. The average
size of the smaller particles appears to be around 30 nm. Finally, for procedure S3 (Figure 3.4c),
a surfactant assisted S2, the agglomerated particles are less evident and small particle aggregates
in a range of 10-20 nm are more predominant. This can be attributed to micelle formation which
promotes the separation of the SiNPs and mitigates re-agglomeration. Closer examination of the
S3 dispersion (Figure 4d) reveals that small particle clusters (highlighted, some are even single
particles) are dispersed uniformly. EDS and TGA results indicate almost identical 50% (w/w) Si
content for all these reduced composite anodes. These tests coupled with the fact that the
particles are smallest after procedure S3 further indicate that dispersion of SiNPs is most
complete in this composite. Close comparison of degree of Si particle dispersion with the
published results of others [38, 75, 78] illustrates improved single particle distribution with
interparticle spacing more than three times the diameter.
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Figure 3.4 TEM images of the morphology of (a) S1, (b) S2 and (c) S3 composite anodes. (d)
Closer examination of S3 reveals the dispersion of non-agglomerated particles

3.2.2.2 Electrochemical performance
The electrochemical cycling performance of the three composite anodes is presented in
Figure 3.5. In order to determine the highest capacity of the composite anodes, a relatively low
current density of 500 mA/g was applied. Cycling at this value, the first discharge of all three
composites was at ~2,100 mAh/g with the following Coulombic efficiencies: 80% (S1), 72% (S2)
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and 67% (S3). Since the composite composition is 50% Si, this initial capacity output is
expected and approached the theoretical limit. The initial inefficiency can be attributed to the
formation of the SEI layer and possibly other side reactions as a result of the high surface area of
both SiNP and RGO, with the greatest bearing observed with S3. The efficiencies demonstrated
here is a significant improvement compared with previously reported graphene anodes which
range from 22 to 58% [78, 81] and comparable with other reports for SiNP of 58 to 75% [75, 78,
83]. Figure 3.5 shows cycling values of pristine Si cycled at 300 mA/g as demonstrated in [75],
the result clearly indicates that all three composites exhibit better cycling performance even with
higher current densities. Along with high Coulombic efficiency, this strongly suggests that
effectively coupling SiNP and RGO can lead to a promising anode material.
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Figure 3.5 (a) Cycling performance of S1, S2, S3 and Si [75] using various current densities. (b)
Discharge capacity retention for the first 10 cycles

The next 14 cycles of S1 (Figure 3.5a) showed a very steep drop in discharge capacity
from about 2,000 to 1,000 mAh/g (~50% of initial) with an average efficiency of 98%. At this
same point Si alone displayed similar capacity (32% of initial). However, considering the first
discharge, S1 shows improved capacity retention. Continuing until cycle number 40, a much
slower rate of capacity decay was observed, with a capacity value of 650 mAh/g at 98%
efficiency. In relation to the results of the pure graphene anode, where only the initial run
demonstrated very low Coulombic efficiency (afterwards the reversible capacity is stabilized),
this observed early cycle decay can be attributed to the SiNP component stability. This
predominant observation in the literature has led some to conclude that pristine Si particles have
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poor cycling stability [78, 84]. Based on the morphology of S1, it seems as the agglomerated
SiNPs are acting as macro scale Si (together with its detriments such as severe volume expansion,
structure destruction, etc.) that masks the stabilizing effect of the RGO matrix. With this, it is
presumed that even using graphene material that exhibits improved cycling stability such as in
[85] would bring minimal improvements unless proper focus to the SiNPs is given.
For composite S2, the capacity retention presents a slight improvement compared to S1.
At cycle 15, the reversible capacity is 1,200 mAh/g (98% efficiency) which translates to a 20%
improvement compared with both S1 and Si. It is also evident that the decay slope is less steep in
S2 compared with S1, and at the end of cycle 40 there is still an observed capacity of 850 mAh/g
(98% efficiency). These improvements are likely due to the better dispersion of the SiNPs, since
that is the only differentiating trait between the two. As particles are less agglomerated, the SiNP
behaves better in cycling the Li+ ions.
Further improvement of the dispersion with the surfactant approach of S3 resulted in
improvements in capacity retention as demonstrated in Figure 3.5. After 15 cycles the discharge
capacity output is ~1,700 mAh/g, a 70% and 42% improvement from S1 and S2, respectively.
The key for this improved performance can be attributed to the capacity retention at early runs. A
closer observation of the composites’ relative capacity (vs. the first discharge) after the first 10
cycles as indicated in Figure 3.5b distinctly illustrates that significant capacity degradation
occurs during the early cycles. At cycle 5, S3 showed substantial capacity retention (96%)
compared with S1 (74%), S2 (80%) and Si (60%). Beyond this point, S3 displays <1% capacity
drop every cycle, strongly correlated with the extent of SiNP dispersion. With this improved
capacity retention, S3 has retained a capacity of 1,200 mAh/g (57% of initial) after 40 cycles, 85%
and 41% above from S1 and S2, respectively.
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To elucidate the improvement brought by particle dispersion, Figure 3.6a shows the
charge-discharge profiles (1st, 2nd and 5th runs) while cycling the three composites using 500
mA/g. In general, highly distinct plateau regions were observed beginning at 0.3 V during charge
and at 0.5 V during discharge. These characteristic potential values of Si alloying/dealloying
reactions are in agreement with others [63, 70, 75, 78, 84]. During the composites’ first charge,
SEI formation-related features are the predominant characteristic of the curves. The interphase is
known to have diminished ionic conductivity compared with the electrolyte and, as a result,
reduced discharges are observed with efficiencies around 70%. The 2nd and 5th cycles of the
composites appear to be very similar except for some key characteristics displayed by the S3
discharges. Two insets of Figure 3.6a highlight the discharge curve from (i) 0.4 to 1.7 V and
from (ii) 0 to 0.5 V (at 1,100 to 2,200 mAh/g range). While the S1 and S2 performances reach
the dealloying potential at around 0.5 V immediately, S3’s curve involved another possible
mechanism that resulted in a linear potential climb with a smaller slope than the other two. After
reaching the plateau region, exponential curves continue almost vertically upward to the high
potential states. In S3 however it is slightly different; sloping exponential curve with less defined
inflection point forming a more circular arch similar to Figure 3.3a. This profile appears to have
the same characteristics as from S1 and S2 but it may indicate additional reaction mechanism.
Further investigation of the distinct features of the S3 cycling curves and their respective current
peaks in the CV curves (Figure 3.6b) suggest that aside from SiNP alloying/dealloying
mechanism, RGO intercalation/deintercalation also occurs. Specifically, S3’s cycling peaks at
<0.1 V and those that are broadened in between 0.25-0.3 V which are also present in Figure 3.6c
may be attributed to the RGO’s contribution during lithiation [78] and delithiation, respectively.
Through these observations, the following speculations are derived: As improvements in SiNP
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dispersion happens the occurrence of non-agglomerated particles also improves, through this the
network of RGO matrix allows for proper coverage of isolated particles. During charging, Li+
ions get accommodated by both the stable RGO and the high capacity SiNPs (majority). Since
the RGO /conduction network covers high surface area nanoparticles, maximized Li
accommodation (capacity at highest) with highly efficient electron transport is achieved. At
discharge, CV curves indicate a predominant discharge peak at 0.5 V corresponding to a SiNPbased delithiation. The structure likewise allows for efficient transport of Li+ ions out of the
composite material with limited irrevesibilities as evidenced by the small decrease in intensity of
the CV peaks. Also, since the SiNPs are non-agglomerated, cycling stresses that would otherwise
cause failure on bulk materials are mitigated via dislocation movement [66, 86]. All of these
contribute to the improvement of cycling stability of the overall composite anode.

(a)
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Figure 3.6 (a) Charge-discharge profiles of S1, S2 and S3 using 500 mA/g. Insets: Expanded
areas to highlight curve characteristics. CV curves of (b) S3 and (c) RGO corresponding with
their respective cycling curves

With these desirable traits S3 has displayed improved rate capacities in contrast with the
other two composites as seen in the latter part of Figure 3.5a. Increasing the current density
applied to 900 mA/g, the capacity output of S3 ranged from 1,000-880 mAh/g. For S1 and S2
smaller discharge capacities were observed, ranging from 600-525 mAh/g and 650-575 mAh/g,
respectively. At the highest current applied (2,500 mA/g), S3 still outperformed S1 and S2 by
having a stable retained capacity of 440-490 mAh/g. In general, S3 showed improvements in two
tested areas: (a) capacity retention (at low current density) as well as (b) improved rate capability
as compared with S1 and S2. However it is noteworthy that S3 still exhibits a decreasing
capacity (<1% drop every cycle) which can be credited to the structural change brought by the
electrolyte penetration forming nonconductive SEI barrier between SiNP and conducting carbon
[87]. S3 also shows that at increased rates the drops in discharges are more pronounced than the
other two composites. The margins between capacities at each current density level used are
becoming smaller: at 900 mA/g 55% (330 mAh/g), at 1,500 mA/g 42% (200 mAh/g) and at
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2,500 mA/g 27% (100 mAh/g). A possible explanation can be seen in the Si morphology after
the electrochemical cycles are completed as depicted in Figure 3.7a. In this image it is apparent
that the originally spherical SiNPs are no longer present; instead a vein-like distribution of Si
(highlighted, elemental composition confirmed via point-by-point EDS analysis) is predominant.
It appears that, during high rates of electrochemical cycling, phase transformations occur [88],
with the electrolyte saturation the SiNPs getting dislodged from the matrix, then agglomerated,
and then apparently filling up the volume within the folds of the RGO matrix. A parallel
observation was noted by Iwamura [87] that SiNPs (76 nm) held within a void/buffer space of
about 4 times greater volume may drop out of the carbon matrix during lithiation and/or
delithiation, leading to a decrease of capacity retention. This phenomenon could likely be
minimized provided that the particles are first coated with an overlayer (e.g., carbon coating as in
[89, 90]) that will not only improve mechanical anchoring with the RGO matrix but also the
interaction with the electrolyte. Aside from the irreversible capacity linked to the transformations,
the decrease of the nanoparticle characteristics of Si eventually led to declined performance of
S3 (compared with the early cycles). Figure 3.7b also highlights similar morphological change of
Si in S2 but with even larger Si agglomerates than S3. The particle transformation presents the
highest surface area decrease in S3 followed by S2 then finally S1. It follows then that the largest
observed decrease in capacity occurred in S3. Upon cycling back to the original current loading
(500 mA/g), S3 displayed the best recovery obtaining around 80% of its discharge capacity from
cycle 40. However, from cycles 70 to 80 there is evident decay observed in the curves of both S2
and S3 which are attributed to the morphological change. Since S3 still has the better surface
area and size morphology than S2, a lower capacity decay was consequently observed. This is a
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direct indication that even as the morphology of SiNPs tend to change at high current rates
having a good starting particle dispersion such as in S3 will lead to better overall performance.

Figure 3.7 Morphological change of Si after high-rate electrochemical cycling of (a) S3 and (b)
S2

3.3

Summary
The RGO has been demonstrated as a stable matrix material that supports high capacity

SiNPs. Likewise, improvement of the SiNP dispersion within the composite results in improved
capacity retention as well as rate capability. Since the anode preparation was mainly thru simple
sonics-based techniques, future design aspects such as improvements in anchoring/adhesion of
SiNPs to the matrix and/or employment of particle protection means to isolate the active particles
from unstable SEI can be considered to improve the electrochemical performance.

	
  
	
  

63	
  
	
  

CHAPTER 4
EFFECTS OF GRAPHENE AND CARBON COATING MODIFICATIONS ON
ELECTROCHEMICAL PERFORMANCE OF SILICON
NANOPARTICLE/GRAPHENE COMPOSITE ANODE

The effects of graphene and C coating modification on electrochemical performance of
silicon nanoparticle (SiNP)/graphene composite anode were investigated.

Graphene with

varying sheet sizes (238, 160 and 113 nm) were used as an anode material where a cycling
performance dependence on the sheet size (edge sites and sheet disorder) was observed.
Temperature-dependent N doping of graphene resulted in graphene with N (5.97 % w/w)
presenting three binding configurations: 72.1 % pyridinic N, 22.4 % pyrrolic N and 5.5 %
graphitic N. The nitrided graphene displayed improved cycling capacity and minimized
performance decay, principally due to the pyridinic N. Galvanostatic cycling using increasing
current density rates (500-2500 mA/g) of SiNP composites with C coating/deposition showed
improvements in both capacity retention and rate performance. A polyacrylonitrile (PAN)-based
coating scheme was used to produce a N-containing (2.20 %) C coating which displayed the best
high performance improvements, attributable to the minimization of direct solid-electrolyte
interphase (SEI) formation and improvement in the conduction path. Optimization of the
methods to achieve the best modification characteristics might enable performance
improvements that maximize the capabilities of the materials.
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4.1

Experimental

4.1.1

Graphene modifications

4.1.1.1 Graphene synthesis
Three sources of graphite (Table 4.1) with varying flake sizes were used as the graphene
precursor to make graphite oxide via a two-stage Hummers’ method according to Kovtyukhova
[74]. Separate 2 g batches of graphite A (Dixon Microfyne, Ashbury, NJ), B (230U grade,
Asbury Carbons, Asbury NJ) and C (2299 grade, Asbury Carbons) were pre-oxidized using 30
mL H2SO4 (95%) with pre-dissolved K2S2O8 (1 g) and P2O5 (1 g) in an oil bath at 80 °C for 4.5 h.
The resulting solutions were diluted each with 1 L of DI after cooling; then filtered and washed
again with DI until the filtrates were pH neutral. The pre-oxidized graphites A, B, and C were
each then mixed with 80 mL of 95% H2SO4 in an ice bath. While constantly stirring, 10 g of
KMnO4 was added stepwise to control the reactions to just below room temperature. The
reactions were allowed to occur for 2 h then each was carefully diluted with 150 mL of DI water
while maintaining the temperature below 50 °C. After additional stirring for 2 h, the batches
were further diluted with 500 mL DI, then followed by slow addition of 8.3 mL of H2O2 (30 %).
The mixtures were then allowed to settle overnight and then decanted. The products were
washed with HCl solution (10%, 800 mL) while being stirred, then left to settle overnight. They
were then decanted again; the products were subjected to repeated rinsing and centrifugation
with DI water until pH neutral. The resulting graphite oxides were diluted to make suspensions
(about 6 mg /mL) that were then stored in amber bottles at room temperature.
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Table 4.1. DLS sheet size and BET surface area measurements for the three different graphite
sources and the resulting graphenes.

In order to create the graphene anode material, 6 mL of the graphite oxide suspensions were
probe sonicated (Misonix, Ultrasonic Cell Disruptor, Farmingdale, NY, 100W, 22.5 kHz) for 2 h.
This step exfoliates the expanded structure of graphite oxide to form the GO platelets. All
sonics-based steps were performed at room temperature and were closely monitored to minimize
temperature increase. The samples were then vacuum–filtered (setup: Millipore 47 mm all-glass
vacuum filter holder – funnel and flask; filter: 0.2 µm pore, Whatman Anodisc) forming solid
GO papers. The resulting structures were then air-dried overnight followed by thermal reduction.
The reduction was done in a tube furnace (Series 3429, Applied Test Systems Inc., Butler, PA)
using 10 % H2 in Ar at 100 mL/min and 700 °C for 1 h, from which graphene A, B and C were
obtained.

4.1.1.2 Graphene anode nitriding
After the GO paper was dried overnight, GO A was then nitrided inside a tube furnace.
Two temperatures (800 and 950 °C for 2 h) were used with an ammonia (anhydrous, Cryogenic
Gases, Detroit, MI) atmosphere to reduce and, at the same time, to incorporate nitrogen on the
resulting graphene structure. The resulting nitrided graphene anodes were denoted as GwN800
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and GwN950. The nitrided graphene anodes were compared with the performance of the control
graphene anode (graphene A) which was obtained from the reduction using H2.

4.1.2

Nano-Si modification
SiNP, with a size distribution of 5–10 nm, were acquired from Meliorum

Nanotechnology (Rochester, NY). The particles were stored in an Ar-filled glovebox with O2
and moisture content <1 ppm. Prior to modifications, desired amount of particles were carefully
transferred to ceramic boats and then loaded into the tube furnace, taking care to prevent any
contamination of the particles. The tube was purged with the reaction gas for 30 min before
starting any heating to reach the target temperature.

4.1.2.1 Carbon deposition on SiNPs
In order to deposit carbon on the particles (CdepSiNP), a feed of acetylene (80 mL/min)
and Ar (160 mL/min) gases was used in a tube furnace at a reaction temperature of 500 °C for 2
h as reported [66, 91].

4.1.2.2 Carbon coating of SiNPs
Two different carbon coating schemes were used to produce a (1) casing and a (2)
nitrogen-containing coating of the SiNPs. The carbon casing traps multiple particles and was
prepared similar to the precursor structure of [87]. A batch of 100 mg of SiNP was pressed into a
12 mm (diameter) disk and then was placed in a ceramic boat where it was covered (top and
bottom) by a total of 1 g of polyvinyl chloride powder (PVC, PolySciences Inc., Warrington,
PA). The whole sample was placed within the tube furnace, which was purged and then heated to
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300 °C under N2 (ultrahigh purity, Cryogenic Gases) for 2 h. At this state the PVC melt is
expected to penetrate the disk and fill the voids [87]. In the same environment, the melt was then
carbonized at 900 °C for 2 h, resulting in a C-Si composite disk. The composite disk was ground
back to powdered form and designated as CoatASiNP.
For the nitrogen-containing coating of the SiNP, a PAN (PolySciences) solution was first
prepared by dissolving 50 mg of PAN in 25 mL of N-methyl pyrrolidone (NMP, Sigma Aldrich,
St. Louis, MO). Then, 15 mg of SiNP were dispersed in the solution by probe sonication for 1 h,
and then stirred overnight. The wet sample was collected by centrifugation and then dried at
80 °C under vacuum. The carbonization was performed similarly to the procedure of Zhu [92],
where the dried powder was placed in a tube furnace and then subjected to 270 °C for 30 min to
stabilize the coating while in a N2 atmosphere. Then, after cooling down to room temperature,
the coating was carbonized by heating to 900 °C for 2 h, thus achieving CoatBSiNP.

4.1.3

Composite anode formation
The modified particles, now with the additional C content, were weighed and then

dispersed using a surfactant-enhanced technique to achieve good particle dispersion.

The

particles were first placed in methanol and probe sonicated for 15 min; afterwards n-octyl
alcohol (99%, Across Organics, NJ) was added to achieve a 1% (v/v) content and then the
mixture was subjected to an additional 45 min of sonication. In order to test the modified
particles, a standalone composite anode (no binder and conductive additives was added) was
formed with graphene A using procedures as outlined by Lee [38]. A suitable amount of
graphite oxide A was added to the particle dispersions in order to get 1:1 weight ratio (Si:C) after
which the samples were sonicated for 2 h. In this step, the sonics exfoliate the expanded structure
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of graphite oxide to form the GO platelets while at the same time dispersing the modified SiNPs.
The formation and reduction steps followed (identical to the graphene anode procedure) where
the

3

samples

were

produced:

CdepSiNP/Graphene,

CoatASiNP/Graphene

and

CoatBSiNP/Graphene anodes. The standalone composite materials were sampled, weighed and
prepared for testing.

4.1.4

Cell assembly
The cells were assembled in a CR2032 type button cell, loaded typically with ~0.5 mg of

the anode material: graphene (1 mg cm-2, 25 µm thick) or composite (2 mg cm-2, 5-10 µm thick).
The anode acts as the cell’s working electrode with the Li metal (99.9%, 0.75 mm thick, AlfaAesar) acting as both counter and reference electrode (half-cell configuration). A pre-prepared
solution of 1.0M LiPF6 dissolved in ethylene carbonate (EC)/ dimethyl carbonate (DMC) 1:1(v/v)
solution from Novolyte technologies (Independence, OH) was used as the electrolyte. The cells
were assembled and crimp sealed in an Ar-filled glovebox.

4.1.5

Characterizations
Scanning electron microscopy (SEM) images were taken using a JEOL (Peabody, MA)

Model JSM-6510LV-LGS at 25 kV. Field emission SEM (FESEM, JEOL Model JSM-7600F)
with acceleration voltage of 15 kV was also used for high resolution imaging. TEM micrographs
were acquired on a JEOL-2010 FasTEM at 200 kV. Chemical composition analysis was done
using the equipped EDS. Dynamic light scattering (DLS) measurements to determine the sheet
sizes of graphene precursors were carried out using a Zetasizer Nano-ZS (Malvern Instruments,
Worcestershire, United Kingdom). The non-invasive back scattered light was detected at an
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angle of 173°, platelet size was calculated via a CONTIN analysis and presented as the z-average
size. Reported sizes were the average of three measurements from three separate sampling. In
order to identify the graphene materials, Raman spectra were recorded using Triax 550 (Horiba
Jobin Yvon, Edison, NJ) with a 514 nm laser excitation. Brunauer-Emmett-Teller (BET) surface
area measurements were performed using a Micrometrics model ASAP 2010 surface area
analyzer (North Huntingdon, PA) with N2 as the analysis gas. Samples were degassed at 150 °C
for 6 h to prior the analysis to remove any adsorbed molecules. X-ray photoelectron
spectroscopy (XPS) analysis was conducted with a PHI 670 Scanning Auger Nanoprobe
(Physical Electronics, Chanhassen, MN) at 220 W X-ray power to further investigate the binding
characteristics of the samples’ composition. A survey scan was first initiated and then high
resolution multiplexes on each element of interest with 23.5 eV pass energy was performed.

4.1.6

Electrochemical measurements
Electrochemical cycling of the assembled cells was performed galvanostatically with a

cut-off voltage range of 0.01 – 1.5 V. For the graphene samples, a constant current density of
150 mA/g was applied for the first 40 cycles. After this step, varying densities of 300, 750, and
1500 mA/g were used after every 10 cycles to assess the rate performance of the cells. The cells
were then cycled back to a current density of 150 mA/g in order to measure the changes in
capacity following previous high current density cycles. The composite anodes containing the
modified SiNP were subjected to a similar cycling regimen but with higher densities: 500 mA/g
for the first 40 cycles, then 900, 1,500, 2,500 and finally back to 500 mA/g after every 10 cycles.
The baseline performance of the particles was evaluated using a composite anode containing
pristine SiNP (without any modifications). The electrochemical cycling tests were done using a
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Gamry (Warminster, PA) Reference 3000, Gamry series G 300 or a Maccor (Tulsa, OK) Series
4200 cycler. Electrochemical impedance spectroscopy (EIS) measurements were performed
using a Parstat 2273 with an AC voltage amplitude of 5 mV in the frequency range of 0.1 to
100,000 Hz. All electrochemical tests were performed at room temperature and only after the
open circuit potentials were stable.

4.2

Results and discussion

4.2.1

Graphene modifications

4.2.1.1 Graphene Sheet Size Variation
Figures 4.1a to 4.1c show the relative size variation of the graphite flakes. From the SEM
images, the flake sizes of graphite A > graphite B > graphite C, which is consistent with the
properties summarized in Table 4.1. Upon conversion of the graphite to graphene, the same
relative sizes were observed (Figures 4.1d to 4.1f), although the absolute sizes are smaller than
their respective precursor graphite. DLS data were collected during the dispersion stages of the
graphene preparation: graphite oxide (after Hummers’ method) and GO (after sonication).
Between the two stages there is a substantial decrease in the measured sheet size indicating that
the sonication is responsible for both exfoliating the graphene sheets and reducing the size of the
platelets. The DLS (Table 4.1) average sheet size measurements of the GO precursor of the
graphenes are as follows: 238 ± 2 nm (graphene A), 160 ± 4 nm (graphene B) and 113 ± 3 nm
(graphene C). The measurements confirm that the graphene anodes formed from these will have
3 distinct sheet sizes with a variation of around 60 nm. BET surface area values of the source
graphite materials were found to be consistent with those declared by the source. Since
conversion steps to graphene produced much lower sheet sizes, the surface area of the resulting
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graphene powder increased: the highest value for the sample corresponding to the smallest sheet
size (graphene C). Once formed into the graphene anode material, the graphene sheets were
stacked together to form the anode film; and the same surface area trend is still present although
smaller in magnitude. The smaller the graphene sheet size, the more disordered the sheets
become, the rougher surface and hence a higher BET surface area was observed.
a

d

b

e

c

f

Figure 4.1 FESEM images of the graphite flakes of source (a) A, (b) B and (c) C. SEM
micrographs detailing the decrease in sheet size and the expansion brought by the Hummers’
method on graphene (d) A, (e) B and (f) C. Scale bars are all 1µm.
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Raman profiles (Figure 4.2) of the graphene anodes are very similar with each other and
are comparable to those that exhibit defects [77]. The spectrum of graphene A (Figure 4.2a)
displays a G band (1580 cm-1) for sp2 domains and a D band (1330 cm-1) relating edge planes
and disordered structures [93]. Both graphenes B and C (Figure 4.2b-c) exhibited the same bands
at the same Raman shifts. Since these three anodes differ in sheet/platelet sizes, the resulting
edge planes and disorder are also affected. Closer examination of the ratios between the
intensities of the D and G bands (D/G) indicate that the smaller the sheet sizes the more edge
sites and disorder it creates, which increases the D/G ratio.
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Figure 4.2 Raman spectra of the graphene anodes (a) A, (b) B and (c) C.

Prior to reduction, EDS surface chemical analyses (in agreement with XPS data) show
that GOs have roughly similar composition: 66 % (w/w) C while also containing around 33 %
oxygen (<1 % trace: Al, Cl, N and S). The high amount of oxygen within the structures suggests
the presence of imperfections. After the reduction step to form the graphene, 7.7 % oxygen (92
% C and <1 % trace: Al, Cl, N and S) is still retained, suggesting that few sp3-hybridized carbon
atoms are recovered back into an sp2-hybridized state [75]. This retains distortions in the
graphene morphology and warps/folds are evident as in Figure 4.1d-f. The characterizations
performed on these graphenes clearly indicate that the samples are nearly identical with each
other except for the intended difference in sheet/platelet size.
The electrochemical performance of the anode materials are presented in Figure 4.3. The
accommodation of Li+ (lithiation) into the working electrode characterized by the drop of
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potential compared with Li/Li+ is identified as the charge reaction; while the release of Li+
(delithiation, increase in potential) is called the discharge reaction. The voltage profiles of the
graphenes are very similar to the observed graphene cycling reported by others using materials
derived from exfoliation of graphitic materials [43, 81, 93]. Between the three graphenes, it is
evident that the slope of the charge-discharge curve increases with the decrease in sheet size
(Figure 4.3a). This is suggested by Yoo et al. [43] to be attributed to the edge type intercalation
mechanism, a type that is not as stable as the graphite intercalation mechanism. The relative
amount of observed edges in Figure 4.1d to 4.1f, as well as the increase in D/G ratio of the
Raman spectra (Figure 4.2) [81] correlate well with the observed trend.
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Figure 4.3 (a) Charge-discharge profiles of graphene A, B and C using 150 mA/g. (b) Cycling
performance using various current densities.

The cycling performance of graphene A, B and C is shown in Figure 4.3b. Due to the highest
level of sheet disorder and BET surface area in graphene C, the initial discharge capacity is the
highest. Graphene C output of 530 mAh/g is 80 and 20 % higher first discharge capacity than
graphene A and B, respectively. However, the rate of decay in capacity of C with cycling is
substantial, only retaining 45% of its initial capacity (82 % for A and 65 % for B) after 40 cycles
at the low rate (150 mA/g). The highest specific surface area of graphene C is expected to also
produce the highest amount of SEI, resistance and conversely greatest losses of capacity [94].
Likewise, the large capacity fading can also be attributed to the edge sites that are capable of
catalyzing the breakdown of electrolytes [95, 96]. Graphene B shows the best capacity displayed
after 40 cycles (285 mAh/g). However, during the higher rates of cycling graphene B, as well as
C performed poorly compared with A (120 mAh/g). For higher current densities, it is expected
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that shorter diffusion path (from shorter/smaller graphene sheets) should yield better high rate
dischargeablity [45]. Interestingly, the observed performance was the contrary. A possible
explanation for this lies mainly in the graphenes’ surface SEI formation. SEI progressively forms
as cycles are performed, with the higher the surface area (higher edge sites) the more formation.
Due to the non-conducting nature of the SEI, the material resistance has more pronounced effects
as higher rates are used. Overall, fast charge and discharge are hindered. EIS measurements in
Figure 4.4 support this claim. At the early part (cycle 5) of cycling (Figure 4.4a) the semicircle
part (charge transfer resistance) and the sloped straight line (diffusion resistance through the bulk
material) of the Nyquist plot are both lower for the graphene C, which coincides with the higher
discharge capacity. After further cycling to the 70th run, where the cell has been subjected to
1500 mA/g, both charge transfer and diffusion resistances are higher in graphene C than in A
(Figure 4.4b), indicating unsuppressed SEI formation [97] that increases the anode resistance and
impedes the electrochemical kinetics (rate performance). With these, there is strong evidence
indicating that electrochemical performance of a graphene anode is highly dependent on the
graphene sheet size; and a balance of performance can be attained through size optimization.
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Figure 4.4 Nyquist plots for graphene A and C after (a) cycle 5 and after (b) cycle 70.
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4.2.1.2 Graphene anode nitriding
The elemental composition, derived from XPS data, of the nitrided graphenes as well as
the source graphene (graphene A) is summarized in Table 4.2. Increasing the reaction
temperature where the GO was both reduced and doped with nitrogen resulted in a higher dopant
concentration of 4.46 % (3.9 at%) for 800 °C and around 5.97 % (5.2 at%) for 950 °C. The
Raman spectra of both nitrided graphenes (Figure 4.5) are quite similar with that of graphene A
(Figure 4.2a). Both contain D and G bands (at the same Raman shift location) reminiscent of
graphenes containing defects. With the introduction of nitrogen into the graphene structure, the
D band intensity became greater than that of the G band, similar to observations by others [95,
98]. The increase in nitrogen content showed increasing D bands intensity; the D/G ratio
increased from 0.907 (graphene A), then 1.02 (GwN800) and finally 1.06 (GwN950). This
suggests that the increase in nitrogen content brings about an increase in the degree of
disorder/defects in the graphene sheets.

Table 4.2 XPS elemental composition of control and nitride graphene anodes, with N1s binding
configuration quantities.
Element
C 1s
O 1s
N 1s
N 1s
Configuration

pyridinic N
pyrrolic N
graphitic N

Graphene
Graphene A
Wt %
92.07
7.73
-

	
  
	
  

Graphene with N
GwN800
GwN950
Wt %
Wt %
90.70
91.15
4.84
4.46
52.40
42.20
5.40

2.88
5.97
72.10
22.40
5.50
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Figure 4.5 Raman spectra of the nitrided graphene anodes: (a) GwN800 and (b) GwN950.

Representative potential profiles during charge-discharge of the anodes at 150 mA/g are
displayed in Figure 4.6a. The charge-discharge curves ranging from 0.01 to 1.5 V for both the
control graphene and the GwN800 present similar steep charge/discharge profiles. The trends of
GwN950, especially the discharge, reflect more stable curves compared with the other two. The
steepness of the curve can be attributed to electrochemical kinetics such as high SEI impedance
or low internal diffusion of charge [95]. The observed improvement of electrochemical
performance suggests the positive effect of nitriding of graphene anodes. In Figure 4.6b, there is
a very clear distinction between the cycling performances of GwN950 versus GwN800 and the
graphene A. For the first cycle at 150 mA/g, GwN950 (~500 mAh/g) displays as much as 66 %
higher capacity than that of the control sample. The stable capacity of GwN950 after 40 cycles is
360 mAh/g, at least a 40 % improvement over the other preparations. At the highest current
density (1500 mA/g), GwN950 was demonstrated to reversibly cycle around 58 % of its stable
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capacity in the 150 mA/g runs (210 mAh/g). The baseline graphene was able to cycle 55 % while
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Potential (V vs Li/Li+)

GwN800 show 41 % of their respective capacities from cycle 40.
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Figure 4.6 (a) Charge-discharge profiles of graphene A, GwN800 and GwN950 using 150 mA/g
current loading. (b) Cycling performance of the nitride graphene samples using various current
densities.
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In order to gain a better understanding of the improved rate capability of GwN950, EIS
measurements were performed at different cycling points as summarized in Figure 4.7. During
the first cycle (Figure 4.7a); all three charge transfer resistances were the same. When the
materials were subjected to higher currents corresponding to cycles 60 (Figure 4.7b) and 70
(Figure 4.7c), the charge transfer resistances of GwN950 were the lowest, those of the control
graphene and GwN800 did not present much difference from each other. These observations
suggest the formation of a more stable SEI in the GwN950 sample. After cycle 70, current
density was returned to 150 mA/g, at which all three anode materials recovered discharge
capacities similar to their respective cycle number 40. Based on the charge-discharge potential
profiles and the cycling performance, it appears that the amount of nitrogen (4.46%, 3.9 at%) in
GwN800 is not sufficient to provide considerable improvements to the electrochemical
performance of the anode material. Conversely, the nitrogen amount in GwN950 (5.97%, 5.2
at%) appears effective in the improvement of cycling performance of the standalone anode
material. However, the nitrogen contents of these two samples appear too close to provide a
significant deviation between electrochemical performances, thus warranting further
investigations. XPS spectra are presented in Figure 4.8 to analyze the binding configurations in
the nitrided samples. Three distinct peaks located at 284.1, 399.4 and 531.9 eV represent sp2 C
(C 1s), doped nitrogen in the samples (N 1s) and the oxygen content (O 1s), respectively.
Detailed analysis (curve fitting) of the high resolution spectra of the N 1s (Figure 4.8 inset)
revealed three peaks: pyridine-like N (397.9 eV), pyrrole-like N (400.5 eV) and graphitic N
(402.2 eV). These three forms/configurations of N binding have been well discussed in literature,
with the pyridinic type being the most favorable for Li cycling [85, 95, 99]. Pyridinic N consists
of two coordinate nitrogen atoms on the edges of hexagonal graphene with a filled lone-pair
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orbital forming the trigonal sp2 structure [85, 100]. This specific formation creates carbon
vacancies on the graphene network [101] that are capable of holding more Li+ ions than the
pristine graphene structure, hence producing higher capacity output [85, 99, 102]. Aside from
this, first-principle studies [99] have indicated that the resulting defect by the pyridinic N creates
strong binding energies with Li, promoting stable Li hosting. Likewise, geometrical computation
and optimization of the adsorbed Li ions revealed that there is a low possibility of Li cluster
formation that is very detrimental to the capacity. Overall, graphene with pyridine-like N is being
viewed as the most suitable for Li storage, as compared with pyrrole-like N, graphitic N and
pristine graphene. Curve fittings similar to that of in Figure 4.8 (inset) were used to quantify the
bearing of N binding configurations (Table 4.2). Pyridinic N of 52.4 % and 72.1 %, pyrrolic N of
42.2 % and 22.4 %; and graphitic N of 5.4 % and 5.5 % were measured for the GwN800 and
GwN950, respectively. From these data, it is evident that GwN950 has substantially higher
pyridinic N than GwN800, with a relative difference of about 20 units. Interestingly, the same
difference is noticeable in the pyrrolic N values; with GwN800 having much more than
GwN950. Graphitic N levels are almost the identical for both. These results, along with the
increased overall nitrogen content, likely account for the significantly better performance of
GwN950 over GwN800. From the N configuration differences, the only variable in the
preparation of the nitrided samples is the reaction temperature, indicating that the annealing
temperature has a significant effect on the amount of N doping and its configuration: the desired
pyridinic N form is formed using higher temperature annealing. Corroborating the Raman
observations in Figure 4.5, the increase in nitrogen doping did indeed increase the degree of
disorder in the graphene sheets through the resulting defect (and disordered carbon) mainly by
vacancies when dopant nitrogen is introduced.
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Figure 4.7 Nyquist plots for graphene A, and the nitrided samples after (a) cycle 1, after (b)
cycle 60 and after (c) cycle 70.
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Figure 4.8 XPS spectra of graphene A, GwN800 and GwN950. Inset: High resolution N 1s
spectra of GwN950.

The introduction of N creates topological variations on the graphene layer, providing
more active sites for Li storage (increased capacity). It also improves the conductivity of the C
layer and charge transfer at the interface [103]. Likewise, it appears that the catalytic breakdown
of the electrolyte at the graphene edge sites may be reduced by N doping to promote stable
interfaces [95]. From the two sets of graphene modifications, GwN950 is the overall better
anode. In order to get the best performance improvements, future optimizations studies are still
needed to be performed. Nonetheless, the set of nitriding experiments solidified the
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electrochemical performance improvements that N-containing C materials can impart. This now
will be the basis of part of the next study on SiNP modifications.

4.2.3

SiNP modifications

4.2.3.1 Carbon deposition on SiNP
String-like deposits of C trapped the SiNPs producing the CSiNP as shown in Figure
4.9a. TEM examination in Figure 4.9b shows that the SiNPs are loosely contacted by the C
strands. EDS analysis reveals that the composition of CdepSiNP/graphene are as follows: 51 %
Si, 3 % O and 46 % C (w/w). The resulting electrochemical performance as compared with a
composite anode made from bare SiNP and with a pure Si anode [75] is detailed in Figure 4.10.
From the first discharge, the composite with CSiNP showed a capacity of 2426 mAh/g, a 15 %
improvement compared with the composite using plain SiNP (2100 mAh/g). The Coulombic
efficiency of CSiNP/graphene likewise presents a slight improvement compared with
SiNP/graphene (71% vs. 67%). These results validate that amorphous C deposits/coatings of
CdepSiNP can function as supplementary Li intercalation sites that can contribute to increase the
capacity, as well as possibly forming a more stable SEI that reflects a relatively higher
efficiency. Going towards the 40th cycle (using 500 mA/g) the capacity improvement of C
deposition was about 8 %, displaying almost the same discharge as that of the control. At this
point since the C deposits do not completely cover the particles; the SiNPs are exposed like the
particles in the control to react with the electrolyte forming new unstable SEI (apart from the
ones formed with the C deposits). With the volume expansion of the particles caused by cycling,
contact losses and unstable formation of the SEI results in the high cyling resistance which
manifests into the capacity decay. During the higher rate discharges (900, 1,500 and 2,500 mA/g)
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it is clearly evident that the CdepSiNP/graphene displays a better rate performance. Although the
magnitude is small, the relative improvement is as much as 50% greater than that of the
SiNP/graphene anode (for 2500 mA/g current density). This can be attributed to the improved
conduction path brought by the loose C deposits.

Figure 4.9 (a) SEM image of the CSiNPs indicating spherical SiNPs and string-like C deposits.
Close examination of the particles using (b) TEM shows loose C in contact with the particles.
Scale bars are 100 nm.
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Figure 4.10 Cycling performance of CdepSiNP/graphene, compared with the unmodified
particle and Si [75].

4.2.3.2 Carbon coating of SiNP
Two approaches to provide a close contact with the particles were investigated: C casing
coating and a nitrogen-containing C coating. Figure 4.11a shows that the SiNPs are fully encased
in carbonized PVC pitch before the Si/C composite disk was ground to micrometer ranged bits.
Figures 4.11a inset and 4.11b show that the C coating effectively covers/traps the SiNPs. This
coating scheme traps small group of particles within an interconnected C casing material, then
forming small clusters. On the other hand, the second coating fully covers the (individual)
particles, resulting in CoatBSiNP as seen in Figure 4.12a. Individual CoatBSiNPs are discernible
from the bulk material. Close up examination of one of the coated particles (Figure 4.12b) shows
an external coating (less than 5 nm thickness) that is homogeneous and intimately covering the
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particle while conforming to its shape. Table 4.3 summarizes the computed surface composition
of the modified particles. Data here were acquired using the particles before any reduction step
was performed, as evidenced by the high oxygen content of the particle surface. Nonetheless, the
compositions are on par with what are expected. CoatASiNP demonstrates high C concentration
with a noticeable decrease in oxygen and Si content (compared to the control), indicating a thick
over layer of carbon. While the oxygen content remained almost the same value as the plain
SiNP, and a very small C and N composition indicates that CoatBSiNP is relatively thin. The
most important aspect of these data is the successful inclusion of 2.20% N (with C) on the
CoatBSiNP particles’ surface. The retention of N from carbonized PAN is highly temperature
dependent [104], PAN cyclizes and dehydrogenates on heating to form extended belts of fused
pyridine rings [105]. High resolution XPS spectra of the N 1s peak in Figure 4.13 reveal that the
binding configurations with C are similar to those of nitrided graphene: pyridinic N, pyrrolic N
and graphitic N. From the PAN carbonization, the resulting binding is mostly pyridinic in nature
(63.2 %).

(b)
(a)

Figure 4.11 (a) FESEM image of CoatASiNP showing the trapped particles. Inset: Particle
details, scale bar is 100 nm. (b) TEM image of the structure showing predominant C coating.
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(a)

(b)

Figure 4.12 (a) FESEM image of the bulk phase of CoatBSiNP showing the coated particles. (b)
TEM image of the a particle and the resulting C coating.

Table 4.3 XPS elemental composition of the coated SiNPs before the reduction step, with the
quantification of N1s binding in CoatBSiNP
Element
C 1s
O 1s
N 1s
Si 2p
pyridinic N
N 1s
pyrrolic N
Configuration
graphitic N

SiNP
Control
Wt %
0.37
40.60
59.03
-

	
  
	
  

Coated SiNP
CoatASiNP CoatBSiNP
Wt %
Wt %
32.50
17.10
28.27
26.80
2.20
39.23
53.90
63.20
20.20
16.60

89	
  
	
  

Figure 4.13 XPS spectra of CoatBSiNP before the composite reduction. Inset: High resolution N
1s spectra showing the binding configurations.

After successfully integrating the coated particles within the graphene A matrix to form
the composite anodes, the cycling and rate performances were tested, with results presented in
Figure 4.14. The cycling performance of the composite containing CoatASiNPs is inferior
compared to the control composite anode. During the first discharge, an almost identical value to
the control was displayed at ~2100 mAh/g, although the cycling efficiency is at 37 % compared
to 67 % of the baseline composite. Also, the computed efficiency of CoatASiNP appears to be
gradually increasing, achieving the value of the control (~99 %) only after 20 cycles. The anode
of CoatASiNP also displayed substantial capacity drop for the next several cycles to ~1000
mAh/g after the 40th using 500 mA/g. The first cycle efficiency contains irreversible reactions
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ranging from the SEI formation to the initial structural changes (crystalline to amorphous) of the
Si active material similar to what was observed [65, 88]. CoatASiNP displayed a much lower
efficiency that hints at an additional mechanism. From the microscopy images of the
CoatASiNPs, it appears that the Li+ ions that were able to interact with the SiNP could not all be
cycled back during discharge due to the thick C coatings and hence the much lower efficiency.
As cycles progress, the particles are mainly trapped and encased, which is very restricting to the
expected expansion of the particles, and less charges are accommodated every cycle. Because of
the C coating, the CoatASiNP are much more confined than when the SiNP are in the graphene
matrix of the SiNP/graphene anode. As a result, there is more observed capacity degradation.
Pristine Si performance is also depicted in Figure 4.14, where all composites clearly show better
cycling performance even with higher current densities (pristine Si cycled is at 300 mA/g [75]).
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Figure 4.14 Cycling performance CoatASiNP and CoatBSiNP applied within a composite anode,
compared with the unmodified particle and Si [75], using varying current densities.
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The initial capacity displayed by CoatBSiNP (3400 mAh/g) is higher than what is
expected from a material that is 50% (w/w) Si. This is due to the high surface area of the
particles [38]. The efficiency (~87 %) is the highest compared to the initial runs of the other two
anodes and immediately achieves ~99% after the second cycle. Such high value can be attributed
to the N-containing C coating of the particles, which may provide a stable SEI (compared to the
SEI with bare SiNP) and possibly a less obstructed charge diffusion pathway to the SiNP.
However, as cycles happen, a high degree of capacity fading is very obvious. Although the
discharge capacity is high (1730 mAh/g), the drop is almost 50 % of the first cycle after 20
cycles. During the second 20 cycles, the capacity (~1500 mAh/g) has stabilized. The huge
capacity drop can be explained as follows: since the coating is relatively thin, a large number of
charges can reach to alloy with Si. As the electrochemical reaction takes place, the SiNP expands
while the coating buffers some of the stresses involved. However, at high enough expansions
some particles can create void spaces in the graphene matrix (between sheets) resulting in the
disconnection of other particles from the conduction network. Also, coating rupture can happen
and expose the particles to the electrolyte. The resulting progressive formation of the unstable
SEI on Si with cycling increases electrode resistance. The combination of these occurrences is
the likely reason why the magnitude of decay with CoatBSiNP is the greatest. Nonetheless, the
capacity stabilization suggests that the particle protection using N-containing C coating is still
effective. After the transformations have occurred and the irreversible reactions have been
consumed, a stabilized SiNP-coating system is achieved.
At higher rates of cycling, the rate performance of CoatASiNP is improving compared
with the bare particles. The observed capacity after the 70th cycle is 53 % (530 mAh/g) of the last
capacity using 500 mA/g. The control composite shows only 36 % (440 mAh/g) of its 40th cycle.
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This indicates that even if the hard C coating restricts the SiNPs, the added benefit of the hard C
coating is still better for high rate cycling than having just plain SiNP. The improvements were
further amplified with the carbonized PAN coating, displaying 61 % (920 mAh/g) of its stable
1500 mAh/g while using 2500 mA/g current density. The high rate cyclability of CoatBSiNP is
due to both the particle protection given by the N-containing C coating as well as its improved
conductivity and charge transfer at the interface [103]. This provides a stable SEI even at high
rates of cycling. After reverting back to using 500 mA/g (cycle 71 onwards), CoatBSiNP still
showed the best performance, achieving the same capacity (1500 mAh/g) while only displaying
very minimal degradation. A N-containing C coating protects the particles and exhibits stable
cycling in both low and high current density rates. All these observed performance
improvements emulate the earlier discussed improvements brought by nitriding graphene anodes.
With this, the combination of both N-containing graphene and C coating on Si will be
investigated as the next stage of composite anode materials development. Likewise, rate
capability improvement studies with special focus on electrode thickness optimization will be
prioritized.

4.3

Summary
The graphene sheet size and the resulting level of disorder (once made into an anode

material) highly influence the electrochemical performance of a graphene anode material.
Likewise, the introduction of ample amount of N within the graphene structure results in both
increased capacity and rate capability. SiNP protection through the use of C-based coatings
improves the cycling performance of the composite anode material; the best improvements were
achieved using N-containing C coating.
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CHAPTER 5
HIGH CAPACITY SILICON NITRIDE-BASED COMPOSITE ANODE FOR LITHIUM
ION BATTERIES
	
  

A new composite material primarily comprised of Si nitride (SiNx) derived from Si
nanoparticles (SiNPs) via vacuum CVD approach was synthesized as a potential Li ion battery
(LIB) anode material. The deposition technique generated a shell of Si3N4 and SiN0.73 on the
SiNP, with the overall N-levels increasing with deposition time. The SiNx electrochemical
reaction were verified as a two-stage reversible mechanism: first the SiNx phase was converted
to a matrix of Li3N with embedded nano Si, then the Si content participates in the high capacity
alloying/dealloying reactions. Galvanostatic cycling using 500 mA/g displayed exceptionally
stable capacity around 1400 mAh/g due to the improved stress management and conductivity of
the Li3N matrix. SiNx is confirmed to be a compelling anode for LIB, with further development
and optimization this might become the leading contender for the high capacity anode to finally
replace graphite.

5.1

Experimental procedures

5.1.1

Graphite oxide synthesis
Graphite oxide was prepared using a modified (two-stage) Hummers’ method [74]. In

stage one, graphite (2 g, Dixon Microfyne, Ashbury, NJ) was pre-oxidized in an oil bath at 80°C
for 4.5 h using 30 mL H2SO4 (95%) with pre-dissolved K2S2O8 (1 g) and P2O5 (1 g). After
cooling, the solution was diluted with 1 L of deionized water (DI), and then filtered and washed
until the filtrate was pH neutral. Stage two follows the Hummers’ method proper. The pre	
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oxidized graphite was mixed with 80 mL H2SO4 in an ice bath. While maintaining stirring,
KMnO4 (10 g) was added at slow increments for the reaction to proceed just below room
temperature for 2 h then followed by careful dilution using 150 mL DI. During this process, the
solution temperature was kept below 50 °C. After additional stirring for 2 h, further dilution with
500 mL DI was then followed by slow addition of H2O2 (30 %, 8.3 mL). The mixture was then
allowed to settle overnight and then decanted. The product was purified using repeated rinsing
and centrifugation with 5% HCl. The graphite oxide was further washed with DI until pH neutral,
then DI was added resulting in a graphite oxide suspension concentration of about 10 mg/mL. It
was then stored in an amber bottle at room temperature.

5.1.2

Nitriding of SiNPs
SiNPs (polycrystalline) from Meliorum Nanotechnology (5-10 nm, Rochester, NY),

previously stored in an Ar-filled glovebox with O2 and moisture content both <1 ppm, were
transferred inside the vacuum CVD chamber (Lindberg Blue M 55346, Watertown, WI). Utmost
care was observed to prevent any contamination during handling. The system was purged with a
stream of N2 for 1 h before heating. Then, anhydrous ammonia feed (120 mL/min) was used to
introduce nitrides to the target. The reaction temperature was 950 °C with different exposure
times (0.5 h, 1 h, and 2 h) creating varying N-levels on SiNP resulting in SiNxNP. After the
deposition, the particles were stored back to the glovebox to prevent any unwanted reactions
with the room ambient atmosphere.
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5.1.3. Composite anode formation
SiNxNP were first dispersed in methanol and sonic probed (Misonix, Ultrasonic Cell
Disruptor, Farmingdale, NY, 100W, 22.5 kHz) for 15 min; afterwards a 1% (v/v) content of noctyl alcohol (99%) was added, then subjected to 45 min of additional sonication. After this
dispersion step, the standalone composite anode was produced without the need for binders and
conductive diluents following the procedures as outlined in Lee’s work [38]. An appropriate
amount of graphite oxide suspension was added to the SiNx dispersion to make a 1:1 weight
ratio (Si:C). Then it was sonicated for 2 h. Sonication exfoliates the expanded structure of
graphite oxide to form the graphene oxide (GO) platelets while at the same time dispersing the
particles. All sonication-based steps were performed at room temperature and were closely
monitored to minimize temperature increase. After this, the sample was vacuum–filtered (setup:
Millipore 47 mm all-glass vacuum filter holder – funnel and flask; filter: 0.2 µm pore, Whatman
Anodisc) forming a solid composite. During filtration, particle cross over was minimized due to
the initial deposition of GO platelets on the filter surface. The resulting composite was then airdried overnight, and then thermally reduced to achieve the standalone SiNxNP/graphene
composite material. Reduction was performed using 10% H2 (balance Ar, 100 mL/min) at
700 °C for 1.25 h. After the thermal treatments, the composites were sampled, weighed and
prepared for testing.

5.1.4

Battery assembly
The anode materials were loaded and assembled using a CR2032 button cell assembly.

On average, ~0.5 mg of the composite (1.5 mg/cm2, 5-10 µm thick) was used as the working
electrode and Li metal (99.9%, 0.75 mm thick, Alfa-Aesar) acting as both counter and reference
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electrode (half-cell configuration). A pre-prepared solution of 1.0M LiPF6 dissolved in 1:1 (v/v)
ethylene carbonate (EC)/ dimethyl carbonate (DMC) from Novolyte technologies (Independence,
OH) was used as the electrolyte. The cells were assembled and crimp sealed in an Ar-filled
glovebox.

5.1.5

Characterizations

5.1.5.1 General characterizations
Field emission scanning electron microscopy (FESEM) images were taken using a JEOL
Model JSM-7600F (Peabody, MA) at 15 kV. Chemical composition analysis was done using the
equipped Energy Dispersive X-ray Spectrometer (EDX). X-ray photoelectron spectroscopy (XPS)
analysis was conducted with a PHI 670 Scanning Auger Nanoprobe (Physical Electronics,
Chanhassen, MN) at 220 W X-ray power. A survey scan was first initiated and then high
resolution multiplexes on each element of interest with 23.5 eV pass energy was performed.

5.1.5.2 Electrochemical characterizations
Electrochemical cycling was performed galvanostatically with a cut-off voltage range of
0.035 – 1.3 V.

Two formation cycles were performed initially at 100 mA/g, the rate

performance of the cells was investigated using 500 mA/g for 40 cycles (after the formation
steps), then varying densities of 900, 1500, and 2500 mA/g for every 10 cycles. The cells were
then cycled back to a current density of 500 mA/g in order to measure the changes in capacity
following previous high current density cycles. In another batch of runs, a constant current
density of 500 mA/g was applied for 100 cycles to assess the cycle life. Cyclic voltammetry (CV)
measurements were performed using a single scan rate of 0.04 mV/s over a range of 0.01 – 1.5 V
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to gain a better understanding of the reaction mechanisms. The baseline performance of the
particles was evaluated using a composite anode containing pristine SiNP (without any
modifications). The electrochemical cycling tests were done using a Gamry (Warminster, PA)
Reference 3000, Gamry series G 300 or a Maccor (Tulsa, OK) Series 4200 cycler.
Electrochemical impedance spectroscopy (EIS) measurements were performed using a Parstat
2273 with an AC voltage amplitude of 5 mV in the frequency range of 0.1 to 100,000 Hz. All
electrochemical tests were performed at room temperature and only after the open circuit
potentials were stable.

5.2

Results and discussion
Battery conversion reactions follow a general scheme [22] (Eq. 5.1) in which an active

electrode material, MAx (A being an anion), reacts with Li to form its reduced state as a
nanomaterial, M, as well as a Li-based compound matrix material. In the specific case of SiNx
anodes, a two-stage reaction is expected to occur: the conversion reaction proper (Eq. 5.2),
followed by the traditional alloying of the resulting SiNP (Eq. 5.3).
𝑀 !! 𝐴! + 𝑍𝐿𝑖
𝑆𝑖𝑁! + 𝑍𝐿𝑖
𝑆𝑖 ! + 𝑥𝐿𝑖

!"!#$%

!"!#$%

!"!#$%

𝑀! + 𝑥𝐿𝑖! ! 𝐴

𝑆𝑖 ! + 𝑥𝐿𝑖! ! 𝑁

𝐿𝑖! 𝑆𝑖

(5.1)
(5.2)
(5.3)

The Li-N compound provides a matrix into which the nanomaterial particles can embed. The
matrix is expected to act as a buffer region for the stress resulting from the large volumetric
variation brought by the Si alloying reactions. After the CVD procedure, the deposition of
nitrides on SiNP produced the SiNxNPs. Figures 5.1a and 5.1b depict the representative clusters
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of SiNP and SiNxNP (2h), respectively. From the micrographs, the sizes of SiNxNP appear to be
larger than its unmodified counterpart. Higher magnification of the particles (Fig. 5.1 insets)
indicates that the nitrided particles have rougher topography giving some insight on the
deposition technique. EDX compositional analyses, as well as more surface sensitive XPS
measurements were both performed on the particles (Fig. 5.2). Since the particles are typically
around 50-100 nm in diameter, the EDX measurements are treated as the bulk particle
composition. As expected, the amount of N increased, to a maximum of ~7 %, with the increase
in deposition time. With this addition, Si amount decreases, although it is still the main
component of the particles. The increase of the O level after nitriding is likely the effect of the Si
dilution. Closer analysis of the particles’ surface using XPS (Fig. 5.2b) revealed the effect of the
CVD process. Since Si is very susceptible to surface oxidation, the initial SiNP is primarily
composed of O and nearly at a 2:1 ratio with Si. The O 1s spectra (peak: 532.4 eV) likewise
confirmed that majority of the O bonding is with Si, forming SiO2. With the introduction of
nitrides on the particles, the amounts of O and N present an inverse relationship: O is decreasing
while N is increasing with deposition duration. This possibly is a result of a simultaneous dual
mechanism inside the CVD chamber. While the N from the NH3 reaction gas deposits on the Si
to form SiNx, the remaining H acts to reduce oxides, making the whole process a deposition and
a reduction procedure. Si, on the other hand, appears to remain consistent. This and the higher O
and N content (compared with Fig. 5.2a) clearly confirm that the deposition is mainly onto the
surface of the particles. With this, the SiNx can be visualized as an external shell of SiNP. Close
up analysis of the Si 2p3/2 spectra (Fig. 5.3a) showcase three distinct peaks at 100.6, 101.8 and
103.9 eV, corresponding to SiN0.73 (34.2 %), Si3N4 (40.5 %) and the expected SiO2 (25.3%),
respectively. In order to verify the SiNx products further, the high resolution spectra of N 1s
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(Fig. 5.3b) was similarly investigated. Peaks at 397.3 and 398.5 were the best fit for the data,
equivalent to SiN0.73 and Si3N4, respectively. From the N 1s spectra of all the three SiNx (with
varying CVD reaction times) samples, the make-up of Si-N bonding were plotted (Fig. 5.3c). A
linear change in the distribution of SiNx compounds was observed as the nitriding time is
increased: increasing for SiN0.73 and decreasing for Si3N4.

(a)

(b)

Figure 5.1 Representative FESEM micrographs of the (a) SiNP and (b) SiNx clusters. Insets:
Close examination of the particles’ surface morphology. Scale bars are all 100 nm.
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Figure 5.2 Atomic concentrations of the particles subjected to different nitriding times using (a)
EDS for bulk analysis and (b) XPS for surface characterization.
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configurations of between Si and N. (c) The linear dependence of the amount of SiN0.73 and
Si3N4 with respect to the nitriding time.
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In order to elucidate the reactions in Eq. 5.2 and 5.3, Fig. 5.4a summarizes both
composites’ (SiNP/graphene and SiNxNP/graphene) first two charge-discharge potential profiles
at 100 mA/g. Overall, the profiles indicate successful electrochemical reaction: plateau regions
are highly evident beginning at 0.3 V during charge and at 0.5 V during discharge. These
potential ranges are characteristics of known Si alloying/dealloying reactions with Li [63, 70, 75,
78, 84]. During the SiNP/graphene first charge, at higher potentials, SEI-formation related
features predominate. The interphase presents diminished ionic conductivity as well as
irreversible consumption of Li, as a result, reduced discharges are observed with an efficiency of
~70%. With the SiNx, the potential immediately dives to just above 0.5 V, then followed by a
linear slope to about 0.1 V. The drop is an observed trait in reactions requiring phase
transformation (conversion) as with the expected formation of the Li-N compound. The linear
slope is present due to the multi-stage reactions corresponding to the transformation of different
states of SiNx to form the Li-N compound (and the Si nanomaterial). After these, a sharp elbow
at 0.1 V follows with the typical alloying plateau, corresponding to Eq. 5.3, until the end of the
charge process. For the discharge, the noticeable difference happens below 0.5 V. While the
SiNP immediately approach dealloying potential (~0.5 V), SiNx proceeds steadily (linearly with
low slope). This indicates that discharge at the Li-N sites is also occurring, performing reversible
reactions.
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Figure 5.4 (a) Charge-discharge profile of SiNP/graphene and SiNxNP/graphene composites
during the first two cycles. (b) CV comparison of the two composites showing the pertinent
reaction peaks.
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The CV curves (Fig. 5.4b) of the composites corroborate the Si alloying/dealloying
reaction potentials happening at two Si phases [106, 107]. Using SiNx, the peaks at both the
anodic and cathodic branches are broadened, appearing as one, compared to the two peaks of
SiNP. This observation indicates that aside from the Li-Si charge-discharge reactions, the Li-N
compound is reversibly performing as an active material contributing to the overall
electrochemical mechanism. Also, the SiNx voltammograms are evidently noisy at the reaction
potentials signifying substantial morphological transformations. With these and the SEI
formation, SiNx was expected to have lower Coulombic efficiency. However this was not
observed. The initial efficiency of SiNx is computed to be around 77%, higher than that of SiNP
and other conversion anodes. This is likely attributable to the emergence of the Li-N compound:
the main difference between the two composite materials. In order to further investigate this,
detailed study of representative SiNx N 1s high resolution XPS spectra before and after cycling
was performed (Fig. 5.5a). The pristine SiNx mainly show the two marked peaks for the binding
configuration of SiN0.73 and Si3N4 making up 47.7 % and 52.3 % of the binding contributions.
After being exposed to electrochemical cycling with Li, a new peak appeared around 399.7 eV,
quenching the original N 1s peak. This peak confirms the existence of Li3N [108] as being the
Li-N matrix compound resulting from the conversion reaction (Eq. 5.2). With its emergence, the
new binding distributions are as follows: 17.8 % for SiN0.73, 43.9 % for Si3N4 and 38.3 % for the
Li3N. This indicates that the formation of the Li3N matrix primarily comes from the conversion
of SiN0.73. Li3N has been well studied to have high ionic conductivity to around 2-4 x 10-4 S/cm
and possibly beyond [109, 110]. It is presently a subject of intense study as a candidate solid
electrolyte for LIB. In line with its conductivity, modeling studies explained that Li3N permits
the fast and efficient Li+ transport through its crystal structure [110, 111]. EIS measurements for
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SiNP (Fig. 5.5b) and SiNxNP (Fig. 5.5c) composites likewise support this. Focusing on the
semicircle part (charge transfer resistance) of the Nyquist plot (which also contains a sloped
straight line pertaining to diffusion resistance through the bulk material), the resistance
magnitudes through the number of cycles are much lower in SiNx. This suggests the ease with
which charges can go in and out of the SiNx structure during cycling to both react with Li3N and
the nano Si embedded on it. The EIS evidence can likewise imply that the SEI deposition on
SiNxNP/graphene was suppressed compared with the SiNP/graphene. The potential profiles of
the first charge of the composites in Fig. 5.4a support this finding.
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Figure 5.5 (a) High resolution XPS spectra for N 1s of SiNx/graphene anode before and after
electrochemical cycles. Nyquist plots of (b) SiNP and (c) SiNx after the first 10 cycles focusing
mainly on the charge transfer resistance.

After the elucidation of the electrochemical reactions, the SiNx-based composites were
tested for cycling and rate performances and the results are summarized in Figure 5.6a. In
parallel with this, Fig 6b illustrates the transformations that occur on the anode materials as
cycles are performed to better explain the observed performance.
During the first 2 cycles using 100 mA/g, the displayed discharge capacities were higher for
anodes formulated to be 50% by weight Si. This is likely due to the high surface area of the
active components coupled with low current density [38]. After forming/activating the anode
materials, 40 cycles using 500 mA/g followed and revealed a very distinct cycling trend. While
the SiNP-based anode performed as typical electrodes would perform, with high capacity for the
initial cycles followed by a decreasing trend, the SiNx-based anodes displayed increasing
capacity. The reactions of SiNP-based anode are known to be the alloying/dealloying reaction
with Li, which yields the high capacity values observed during the cycles. In line with this, the
reactions also bring about the severe volume expansion of the particles and the unstable SEI
formations leading to the stepwise decay in capacity. As observed, the SiNP discharge was
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initially around 2040 mAh/g and after 42 cycles retained about only 59% (1200 mAh/g) of the
initial capacity. In the case of the SiNx anodes, the conversion reaction appears to have a
predominant effect on the cycling performance even at low N-content levels. At the first
formation charge (Fig. 5.6b i-ii) following the path of Eq. 5.2 then Eq. 5.3, the original SiNx
structure was fully converted to the Li3N matrix material bearing the nano-Si due to the ample
rate. After this, the alloying reaction took place and lithiated both the embedded Si in the matrix
shell and the crystalline SiNP (c-Si) core creating amorphous LixSi (a-LixSi) sites. At the
succeeding discharge (Fig. 5.6b iii), since the conversion reaction is reversible the lithiated sites
at the shell are delithiated and recovered back to a degree. Majority at the core, the discharge of
the a-LixSi phase creates the amorphous Si (a-Si) sites that are desirable for highly reversible
cycles. The capacities are at maximal due to the relaxed rate that was applied. However, as soon
as the current density was increased to 500 mA/g, the discharges were at lower capacity values:
1044, 954 and 490 mAh/g for 2 h, 1 h and 0.5 h, respectively. As a possible explanation, during
the switch to higher current loading, the Li+ going to the particles preferentially convert the SiNx
shell to Li3N and produced the nano Si sites within the matrix as opposed to the deep alloying
reaction of the core resulting in Fig. 5.6b iv. This is because the conversion step is happening at
the higher potential state (happening first during charging) than the Si lithiation. Likewise, the
observed capacity fluctuations hint continuous structural transformations occurring on the
charging/discharging sites. Since the Li+ mainly went to the formation of the matrix, the
succeeding discharge (Fig. 5.6b v) in the Si sites show lower overall capacity count as indicated
by the Coulombic efficiencies. Since the charging program occurs until 0.035 V (< 0.170 V), as
the cycles progress (Fig. 5.6b vi) with Li3N as an ionic conductor. more alloying sites become
available [106] for the faster charge, as a result, both cycling efficiencies and discharge
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capacities are observed to be increasing (as much as 1245 mAh/g for SiNx 2h at 42nd discharge).
At this point the SiNx is at par with the SiNP even though starting at a lower value.	
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Figure 5.6 Cycling performance of both SiNP and SiNx-based composite anodes using (a)
variable cycle runs and (b) constant low current density cycle runs.

Further increasing the cycling rates (900-2500 mA/g) to assess the rate capabilities of the
anodes produced a progressively lower discharge capacity for SiNP. At the highest rate, SiNP
discharge was ~450 mAh/g, about 38 % of the capacity at cycle 42. This is expected since higher
rates present challenges for reaction kinetics for Si. For SiNx, however, higher capacity drops
were observed. The best case was 30% (375 mAh/g) retention from SiNx at 2h as compared with
its 42nd cycle. It is believed that a more limiting scenario similar to Fig. 5.6b iv-v is occurring,
Coulombic efficiency drops during the start of each elevated rates (cycles 43, 53 and 63) which
relate that the transformations present irreversible capacity losses. As the cycles are done, the
high rates and primary conversion reactions would only allow shallow lithiation of the core a-Si
(Fig. 5.6b iv), resulting in a significantly lower discharge output. Compared to the direcly
available alloying sites of SiNP, strategic cyling preparations are needed for the SiNx shell to be
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able to effectively host Li+ at high rates of charge/discharge. Nonetheless, within the
SiNxNP/graphene composite group, it is evident that the higher N-level the better the
performance. This gives us an insight as to the possibility of an anode material with higher level
of SiNx to be capable of improved performance once the transformations and high capacity Si
reaction sites are available.
After performing the high rates, the current density was recovered back to 500 mA/g to
assess the capacity decay brought by the stresses of fast cycling. Accounting for the capacity
decay for the first 40 cycles, it appears that SiNP’s cycle 70 is a continuation of its decay trend.
No significant degradation was added to it due to the high rates. Interestingly, for the SiNx-based
anodes the discharge values recovered even higher than at cycle 40. This is a testament that may
be attributed to the improvement that Li3N imparts on the whole anode. Given that a-Si alloying
sites are available, the matrix’s high conductivity will permit the efficient travel of ions for
improved performance. But as the cycles continue there is now an evident decline of capacity.
Taking note that the cycling efficiencies are still > 99 %, the decay may be related to the typical
failures in the Si sites (similar to those in SiNP). A possibility is illustrated as Fig. 5.6b vii and
viii, the transformational changes during high rates coupled with deep charging cycles that
particles experienced resulted in the expected volume expansion that ultimately led to the rupture
of the SiNx shell. At this point, the rate of capacity degradation appears to be comparable with
the plain SiNP (especially SiNx 0.5h). With the higher levels of nitriding, the Li3N improvement
seems to still be in effect, with slower decay as compared to the SiNP/graphene. As a positive
note, all three SiNx composites are still performing better than the SiNP/graphene anode at this
point.
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Figure 5.6c reported the results of extended low rate cycles (500 mA/g) using new SiNx
composites. Similar to what was observed in the early runs of Fig. 5.6a, this batch clearly
showed that it begins at a lower point and as cycles progress and the necessary transformations
occur, more Si sites are available for cycling and thus higher discharge values are achieved. This
cycling trend also confirms that the decay on the latter part of Fig. 5.6a is likely induced during
the high current density cycles. Continuing until 200 cycles, about 1400 mAh/g was observed for
SiNx 2h with the capacity still displaying a stable behavior. Additionally, there is an observed
improvement of performance with the increase of nitriding time similar to what was generally
displayed in Fig. 5.6a.

5.3

Summary
The electrochemical reactions of using SiNx as an anode material were confirmed to be

the conversion reaction followed by the Si alloying/dealloying reaction. At its present
configuration, the SiNx-based composite anode presents stable electrochemical performance at
500 mA/g rate of cycling. Further optimization of the nitriding of SiNP to achieve higher Ncontent can potentially improve the high rate performance of the anode.
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CHAPTER 6
CONCLUSION
	
  

6.1

Conclusion
The combination of high power/energy sonics and surfactants can produce improved

particle dispersions containing non-agglomerated SiNPs (10-20 nm) to small particle clusters
(<100 nm) within the composite. With this attribute, charge-discharge profile and CV curves of
the anode suggest that the mechanism of Li+ accommodation/release highly involves the stable
and conducting RGO matrix. Together with the electrochemical benefits of having SiNPs, the
composite anode material displays higher capacity retention and better rate performance in
contrast with other composites with poor particle dispersion. Particle dispersion improvement is
a step forward in composite anode design to maximize Si for high performance LIB application.
Subjecting graphite materials with varied flake sizes to Hummers’ method (and sonics)
can produce graphene anode materials with controlled sheet sizes ranging from 238 to 113 nm.
Reactive edge sites became more predominant as sheet size decreases, and an anode containing
238 nm (graphene A) possesses a balance these aspects which led to 240 (at low rate) and 120
mAh/g (at higher rate) outputs. Nitriding the standalone graphene anode through thermal vapor
deposition yielded increasing N content with increasing reaction temperature, and the N
configuration is likewise temperature dependent. The graphene structure containing ~5.97 %
(w/w) N is comprised of three binding configurations: pyridinic (72.10 %), pyrrolic (22.40 %)
and graphitic (5.50 %). This composition, which was highly influenced by the pyridine-like N,
increased the defect and vacancy sites for Li hosting, improved conductivity and stabilized the
SEI provided substantially higher capacity at both low (360 mAh/g) and high (215 mAh/g)
cycling rates than pristine graphene. Carbon coating schemes to protect the SiNP reveal that the
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protection should be conforming with the particle at the same time adapting to the expected
volume expansion. The developed PAN-based coating resulted in a C coating containing 2.20 %
N (comprised of 63.20 % pyridinic N) which provides intimate contact to the particle. The
coating scheme permitted an observed a stable capacity of 1500 mAh/g during low rate cycles
and 920 mAh/g at faster cycling. The improved capacity retention and rate capability were
obtained by protecting the SiNPs from detrimental SEI and side reactions. Similar to the effect in
graphene, the N content improved the conducting network of the particles to enhance the rate
capability. Proper control of the modification techniques could potentially offer better overall
performance that is much needed by LIBs to properly address current and future performance
demands.
The use of a facile vacuum CVD technique can modify the SiNP surface to have an
external shell of SiNx. Two major Si-N configurations result from the procedure: SiN0.73 and
Si3N4. With the amount of N increasing with the deposition time, the amount of SiN0.73 likewise
follow this trend. During the conversion reaction, the SiNx shell (mainly SiN0.73) is converted to
a matrix of high conductivity Li3N into which the other nano Si products are embedded. Aside
from the Si alloying/dealloying reactions, the Li3N matrix also presents an active material that
can participate in the electrochemical reaction. As the N-levels are increased in
SiNxNP/graphene, a stable capacity up to 1400 mAh/g is achieved. The predominant
transformations happening on the anode structure restrains this conversion anode’s rate
capabilities through limitations of the Si alloying sites. Increase of the N-level as well as
strategic formation cycles could potentially offer better high rate performance. With its present
state, this SiNx conversion anode presents a promising material worthy of further studies.
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6.2

Future Work

	
  

Improvements of the N-containing C coating on SiNP are desirable to pursue. In this

study, the improvements brought by higher levels of N need to be established, likewise it is of
utmost importance to further elucidate the C-N configurations that are desirable for the
electrochemical processes. For the SiNx anodes, the temperature dependence of the SiNx
compound needs to be ascertained. An optimization study if the CVD process can be developed
to produce targeted SiNx composition (that will be desirable for Li3N formation). Within this
topic, it is also interesting as well as useful to use higher levels of SiNx. Instead of an external
shell, bulk SiNx active material can be investigated as an anode material. The effect of variable
rates needs to be explored.
The amount of active material loading (Si) is one aspect that is essential to the overall
anode design. With this study, the maximum amount of Si while still displaying a balance of
desirable electrochemical performance can be determined. Once this has been established, the
anode is one step closer to an effective scale up demonstration. Likewise, a systematic study of
composite anode thickness is desirable. This will give light to a configuration that can be
maximized for high rate charging-discharging studies.
An anode with the combination of N-doped graphene and N-containing C coating on Si
will be an interesting study. Ideally, the improvements seen on the individual modifications will
manifest in the composite anode and result in an overall better anode.
	
  

	
  
	
  

114	
  
	
  

REFERENCES
	
  

[1] in: Climate Facts, Natural Resources Defense Council, 2007.
[2] J.M. Tarascon, M. Armand, Nature, 414 (2001) 359-367.
[3] in, Technological Research Association, Tokyo, 1994.
[4] D. Guyomard, New Trends in Electrochemical Technology: Energy Storage Systems for
Electronics, Gordon & Breach Science Publishers, 2000.
[5] D. Guyomard, J.M. Tarascon, J Electrochem Soc, 139 (1992) 937-948.
[6] H. Ikeda, T. Saito, H. Tamura, Proc. Manganese Dioxide Symp., IC sample Office,
Cleaveland, OH, 1975.
[7] T.B. Reddy, S. Hossain, in: D. Linden, T.B. Reddy (Eds.) Handbook of batteries, 3rd ed,
McGraw-Hill, New York, 2002.
[8] B.C.H. Steele, Fast Ion Transport in Solids, North-Holland, Amsterdam, 1973.
[9] M.S. Whittingham, Science, 192 (1976) 1126-1127.
[10] J. Vaughney, C. Lopez, D. Dees, in, Argonne National Laboratory, Washington, DC, 2009.
[11] D. Aurbach, E. Zinigrad, Y. Cohen, H. Teller, Solid State Ionics, 148 (2002) 405-416.
[12] B.M.L. Rao, R.W. Francis, H.A. Christopher, J Electrochem Soc, 124 (1977) 1490.
[13] M. Galinski, A. Lewandowski, I. Stepniak, Electochim Acta, 51 (2006) 5567.
[14] D.R. Macfarlane, M. Forsyth, P.C. Howlett, J.M. Pringle, J.Z. Sun, G. Annat, W. Neil, E. I,
Izgorodina, Acc Chem Res, 40 (2007) 1165.
[15] N. Byrne, P.C. Howlett, D.R. MacFarlane, M. Forsyth, Adv Mater, 17 (2005) 2497.
[16] J.H. Shin, W.A. Henderson, S.J. Passerini, J Electrochem Soc, 152 (2005) A978.
[17] P.C. Howlett, N. Brack, A.F. Hollenkamp, M. Forsyth, D.R. MacFarlane, J Electrochem Soc,
153 (2006) A595.
	
  
	
  

115	
  
	
  

[18] S.L. Chou, J.Z. Wang, J.Z. Sun, D. Wexler, M. Forsyth, H.K. Liu, D.R. MacFarlane, S.X.
Dou, Chem Mater, 20 (2008) 7044-7051.
[19] D.P. Wilkinson, D. Wainwright, J Electroanal Chem, 355 (1993) 193.
[20] T. Hirai, I. Yoshimatsu, J.I. Yamaki, J Electrochem Soc, 141 (1994) 611.
[21] G.A. Nazri, G. Pistoia, Materials Aspects: An Overview, Spriger, New York, NY, 2009.
[22] R. Malini, U. Uma, T. Sheela, M. Ganesan, N.G. Renganathan, Ionics, 15 (2009) 301-307.
[23] M.M. Nicholson, J Electrochem Soc, 121 (1974) 734.
[24] A.N. Dey, J Electrochem Soc, 118 (1971) 1547.
[25] M.N. Obrovac, L. Christensen, Electrochem Solid State Lett, 7 (2004) A93-A96.
[26] D.W. Murphy, F.J. DiSalvo, J.N. Carides, J.V. Waszczak, Mat Res Bull, 13 (1978) 1395–
1402.
[27] M. Lazzari, B. Scrosati, J Electrochem Soc, 127 (1980) 773-774.
[28] D. Guérard, A. Hérold, Acad Sci C, 275 (1972) 571-572.
[29] S. Basu, in, USA, 1983.
[30] W.V. Schalkwijk, B. Scrosati, Advances in Lithium-Ion Batteries, Kluwer Academic
Publishers, Hingham, MA, 2002.
[31] K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, M.I. Katsnelson, I.V. Grigorieva, S.V.
Dubonos, A.A. Firsov, Nature, 438 (2005) 197-200.
[32] Y. Hernandez, V. Nicolosi, Nature Nanotech, 3 (2008) 563.
[33] F. Banhart, P.M. Ajayan, Nature, 382 (1996) 433.
[34] K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, I.V.
Grigorieva, A.A. Firsov, Science, 306 (2004) 666-669.
[35] W.S. Hummers, R.E. Offeman, J Am Chem Soc, 80 (1958) 1339.

	
  
	
  

116	
  
	
  

[36] M. Hirata, T. Gotou, S. Horiuchi, M. Fujiwara, M. Ohba, Carbon, 42 (2004) 2929-2937.
[37] A.N. Obraztsov, Nature Nanotech, 4 (2009) 212-213.
[38] J.K. Lee, K.B. Smith, C.M. Hayner, H.H. Kung, Chem Comm, 46 (2010) 2025-2027.
[39] X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner, A. Velamakanni, I. Jung, E. Tutuc,
S.K. Banerjee, L. Colombo, R.S. Ruoff, Science, 324 (2009) 1312-1314.
[40] K.S. Kim, Y. Zhao, H. Jang, S.Y. Lee, J.M. Kim, K.S. Kim, J.H. Ahn, P. Kim, J.Y. Choi,
B.H. Hong, Nature, 457 (2009) 706-710.
[41] S. Garaj, W. Hubbard, A. Reina, J. Kong, D. Branton, J.A. Golovchenko, Nature, 467 (2010)
190-193.
[42] J.R. Dahn, T. Zheng, Y. Liu, J.S. Xue, Science, 270 (1995) 590.
[43] E.J. Yoo, J. Kim, E. Hosono, H. Zhou, T. Kudo, I. Honma, Nano Lett, 8 (2008) 2277-2282.
[44] W. Xing, J.S. Xue, T. Zheng, A. Gibaud, J.R. Dahn, J Electrochem Soc, 143 (1996) 3482.
[45] M. Liang, L. Zhi, J Mater Chem, 19 (2009) 5871-5878.
[46] R. Janot, D. Guerard, Progress in Materials Science, 50 (2005) 1.
[47] S.H. Yoon, C.W. Park, H. Yang, Y. Korai, I. Mochida, R.T.K. Baker, N.M. Rodriguez,
Carbon, 42 (2004) 21.
[48] K. Jian, H. Shim, A. Schwartzman, G.P. Crawford, R.H. Hurt, Adv Mater, 15 (2003) 164.
[49] V. Subramanian, H. Zhu, B. Wei, J Phys Chem B, 110 (2006) 7178-7183.
[50] H. Habazaki, M. Kiriu, H. Konno, Electrochemistry Comm, 8 (2006) 1275-1279.
[51] J. Zhao, A. Buldum, J. Han, J.P. Lu, Phys Rev Lett, 85 (2000) 1706.
[52] G. Maurin, C. Bousquet, F. Henn, P. Bernier, R. Almairac, B. Simon, Chem Phys Lett, 312
(1999) 14.

	
  
	
  

117	
  
	
  

[53] B. Gao, A. Kleinhammes, X.P. Tang, C. Bower, L. Fleming, Y. Wu, O. Zhou, Chem Phys
Lett, 307 (1999) 153.
[54] V. Meunier, J. Kephart, C. Roland, J. Bernholc, Phys Rev Lett, 88 (2002) 075506.
[55] Y. Liu, J.S. Xue, T. Zheng, J.R. Dahn, Carbon, 34 (1996) 193.
[56] F. Bonino, S. Brutti, P. Reale, B. Scrosati, L. Gherghel, J. Wu, K. Mullen, Adv Mater, 17
(2005) 743.
[57] D. Larcher, S. Beattie, M. Morcrette, K. Edstrom, J.C. Jumas, J.M. Tarascon, J Mater Chem,
17 (2007) 3759-3772.
[58] J.O. Besenhard, M. Hess, P. Komenda, Solid State Ionics, 40-41 (1990) 525-529.
[59] J. Graetz, C.C. Ahn, R. Yazami, B. Fultz, Electrochem Solid State Lett, 6 (2003) A194.
[60] J.P. Maranchi, A.F. Hepp, P.N. Kumta, Electrochem Solid State Lett, 6 (2003) A198.
[61] L.Y. Beaulieu, K.W. Eberman, R.L. Turner, L.J. Krause, J.R. Dahn, Electrochem Solid
State Lett, 4 (2001) A137.
[62] A.M. Morales, C. Lieber, Science, 279 (1998) 208-211.
[63] C.K. Chan, H. Peng, G. Liu, K. McIlwrath, X.F. Zhang, R.A. Huggins, Y. Cui, Nat
Nanotechnol, 3 (2008) 31-35.
[64] C.K. Chan, R. Ruffo, S.S. Hong, R.A. Huggins, Y. Cui, J Power Sources, 189 (2009) 34-39.
[65] L.F. Cui, R. Ruffo, C.K. Chan, H. Peng, Y. Cui, Nano Lett, 9 (2009) 491-495.
[66] H. Kim, M. Seo, M.H. Park, J. Cho, Angew Chem, 122 (2010) 2192-2195.
[67] M.H. Park, K. Kim, J. Kim, J. Cho, Adv Mater, 22 (2010) 415.
[68] S.H. Ng, J.Z. Wang, D. Wexler, K. Konstantinov, Z.P. Guo, H.K. Liu, Angew Chem Int Ed,
45 (2006) 6896.
[69] L.F. Cui, Y. Yang, C.M. Hsu, Y. Cui, Nano Lett, 9 (2009) 3370-3374.

	
  
	
  

118	
  
	
  

[70] M.H. Park, M.G. Kim, J. Joo, K. Kim, J. Kim, S. Ahn, Y. Cui, J. Cho, Nano Lett, 9 (2009)
3844-3847.
[71] M.J. Gordon, T. Baron, F. Dhalluin, P. Gentile, P. Ferret, Nano Lett, 9 (2009) 525.
[72] D.J. Burton, M.L. Lake, M. Nazri, in, USA.
[73] D.J. Burton, M. Nazri, G.A. Nazri, A.C. Pelmer, P.D. Lake, E.M. Patten, (2009).
[74] N.I. Kovtyukhova, P.J. Ollivier, B.R. Martin, T.E. Mallouk, S.A. Chizhik, E.V. Buzaneva,
A.D. Gorchinskiy, Chem Mater, 11 (1999) 771-778.
[75] H. Xiang, K. Zhang, J.Y. Lee, C. Zou, X. Chen, J. Wu, Carbon, 49 (2011) 1787-1796.
[76] G. Wang, X. Shen, J. Yoo, J. Park, Carbon, 47 (2009) 2049-2053.
[77] C.V. Rao, A.L.M. Reddy, Y. Ishikawa, P.M. Ajayan, Carbon, 49 (2011) 936.
[78] S.L. Chou, J.Z. Wang, M. Choucair, H.K. Liu, J.A. Stride, S.X. Dou, Electrochem. Comm.,
12 (2010) 303-306.
[79] C. Wang, D. Li, C.O. Too, G.G. Wallace, Chem. Mater., 21 (2009) 2604-2606.
[80] P. Guo, H.H. Song, X.H. Chen, Electrochem. Comm., 11 (2009) 1320-1324.
[81] D. Pan, S. Wang, B. Zhao, M. Wu, H. Zhang, Y. Wang, Z. Jiao, Chem. Mater., 21 (2009)
3136-3142.
[82] B.J. Dimitrijevic, K.E. Aifantis, K. Hackl, J Power Sources, 206 (2012) 343-348.
[83] X. Zhou, Y.X. Yin, A.M. Cao, L.J. Wan, Y.G. Guo, ACS Appl Mater Interfaces, 4 (2012)
2824-2828.
[84] U. Kasavajjula, C. Wang, A.J. Appleby, J. Power Sources, 163 (2007) 1003-1039.
[85] X. Li, D. Geng, Y. Zhang, X. Meng, R. Li, X. Sun, Electrochem Commun, 13 (2011) 822825.
[86] M.H. Park, K. Kim, J. Kim, J. Cho, Adv. Mater., 22 (2010) 415-418.

	
  
	
  

119	
  
	
  

[87] S. Iwamura, H. Nishihara, T. Kyotani, J Phys Chem C, 116 (2012) 6004-6011.
[88] H. Li, X. Huang, L. Chen, G. Zhou, Z. Zhang, D. Yu, Y.J. Mo, N. Pei, Solid State Ionics,
135 (2000) 181-191.
[89] N. Liu, H. Wu, M.T. McDowell, Y. Yao, C. Wang, Y. Cui, Nano Lett, 12 (2012) 3315-3321.
[90] S. Liang, X. Zhu, P. Lian, W. Yang, H. Wang, J Solid State Chem, 184 (2011) 1400-1404.
[91] S. Chen, P. Chen, M. Wu, D. Pan, Y. Wang, Electrochem Commun, 12 (2010) 1302-1306.
[92] Z. Zhu, Z. Liu, Y. Gu, Fuel, 76 (1997) 155-163.
[93] P. Lian, X. Zhu, S. Liang, Z. Li, W. Yang, H. Wang, Electochim Acta, 55 (2010) 3909-3914.
[94] R. Fong, U.v. Sacken, J.R. Dahn, J Electrochem Soc, 137 (1990) 2009-2013.
[95] H. Wang, C. Zhang, Z. Liu, L. Wang, P. Han, H. Xu, K. Zhang, S. Dong, J. Yao, G. Cui, J
Mater Chem, 21 (2011) 5430-5434.
[96] H. Habazaki, M. Kiriu, M. Hayashi, H. Konno, Mater Chem Phys, 105 (2007) 367-372.
[97] J. Luo, X. Zhao, J. Wu, H. Jang, H. Kung, J. Huang, J Phys Chem Lett, 3 (2012) 1824-1829.
[98] D. Geng, S. Yang, Y. Zhang, J. Yang, J. Liu, R. Li, T. Sham, X. Sun, S. Knights, Appl Surf
Sci, 257 (2011) 9193-9198.
[99] C. Ma, X. Shao, D. Cao, J Mater Chem, 22 (2012) 8911-8915.
[100] P.H. Matter, L. Zhang, U.S. Ozkan, J Catal, 239 (2006) 83-96.
[101] N.A. Kaskhedikar, J. Maier, Adv Mater, 21 (2009) 2664-2680.
[102] Y. Wu, S. Fang, W. Ju, Y. Jiang, J Power Sources, 70 (1998) 114-117.
[103] L. Zhao, Y. Hu, H. Li, Z. Wang, L. Chen, Adv Mater, 23 (2011) 1385-1388.
[104] B. Saha, G.C. Schatz, J Phys Chem B, 116 (2012) 4684-4692.
[105] Z. Liu, D. Lu, Z. Guo, Appl Catal A, 118 (1994) 163-171.
[106] M.N. Obrovac, L.J. Krause, J Electrochem Soc, 154 (2007) A103-A108.

	
  
	
  

120	
  
	
  

[107] Y. Fan, K. Huang, Q. Zhang, Q. Xiao, X. Wang, X. Chen, J Mater Chem, 22 (2012)
20870-20873.
[108] Z.W. Fu, Y. Wang, X.L. Yue, S.L. Zhao, Q.Z. Qin, J Phys Chem B, 108 (2004) 2236-2244.
[109] T. Lapp, S. Skaarup, A. Hooper, Solid State Ionics, 11 (1983) 97-103.
[110] W. Li, G. Wu, C.M. Araujo, R.H. Scheicher, A. Blomqvist, R. Ahuja, Z. Xiong, Y. Feng, P.
Chen, Energy Environ Sci, 3 (2010) 1524-1530.
[111] K. Kowada, M. Tatsumisago, T. Minami, Solid State Ionics, 180 (2009) 462-466.

	
  
	
  

121	
  
	
  

ABSTRACT
NANO-SILICON/GRAPHENE COMPOSITE ANODES FOR ENHANCED
PERFORMANCE LITHIUM ION BATTERY
by
RHET JOSEPH C. DE GUZMAN
August 2013
Advisor:

Prof. Simon Ng

Co-Advisor: Prof. Steven Salley
Major:

Materials Science and Engineering

Degree:

Doctor of Philosophy

The ever evolving technological applications such as with portable electronics and
electric vehicles have led to increasing energy demands that have proven the existing
commercial LIB capacity insufficient. Recently, the most promising anode material to substitute
the traditional graphite is Si. As an anode Si has low discharge potential and theoretical the
highest known theoretical capacity (>10 fold of graphite). However, due to the increased
accommodated Li+ during charge-discharge reactions, silicon’s volume varies up to 400%,
causing pulverization and loss of electrical contact.
This dissertation focuses on a systematic approach in developing effective means to
utilize Si for improved battery cycle life performance. We pair Si with a state-of-the-art material,
graphene, to form a standalone Si nanoparticle/graphene composite anode and implement the
electrode design improvements via (1) optimized particle dispersion, (2) modifications of
graphene and C coatings; and (3) the use of a conversion active material in the form of SiNx.
Imaging, spectroscopy and electrochemical characterizations are highlighted. These strategies
contribute to the elucidation of the underlying electrochemical mechanisms pertaining to the N	
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doping effect, Si alloying and conversion reactions. With the resulting balance of enhanced
capacity and improved cyclability, this study advances the development of Si-based composite
anodes and its charge towards commercialization.

	
  
	
  

123	
  
	
  

AUTHOBIOGRAPHICAL STATEMENT
	
  
	
  

EDUCATION
B.S., Materials Engineering, University of the Philippines-Diliman, April 2006
PUBLICATIONS
1. de Guzman RC, Yang J, Cheng MMC, Salley SO, Ng KYS. High capacity silicon nitridebased composite anode for lithium ion batteries. To be submitted.
2. de Guzman RC, Yang J, Cheng MMC, Salley SO, Ng KYS. Effects of graphene and carbon
coating modifications on electrochemical performance of silicon nanoparticle/graphene
composite anode. Accepted for publication on the Journal of Power Sources.
3. de Guzman RC, Yang J, Cheng MMC, Salley SO, Ng KYS. A silicon nanoparticle/reduced
graphene oxide composite anode with excellent nanoparticle dispersion to improve lithium
ion battery performance. J Mater Sci, 48 (2013) 4823-4833.
4. de Guzman RC, Tang H, Wadumesthrige S, Zhou T, Garcia-Perez MD, Salley SO, Ng KYS.
2009 Quality survey of retail biodiesel blends in Michigan. Fuel (2010) 89:3662-3667.
5. Tang H, de Guzman RC, Salley SO, Ng KYS. The effect of antioxidants on the storage
stability of soybean oil based biodiesel. Energy & Fuels (2010) 24: 2028–2033.
6. Tang H, de Guzman RC, Salley SO, Ng KYS. Comparing process efficiency in reducing
steryl glucosides in biodiesel. Journal of the American Oil Chemists’ Society (2010) 87: 337345, 2010.
7. de Guzman RC, Tang H, Salley SO, Ng KYS. Synergistic effects of antioxidants on the
oxidative stability of soybean oil- and poultry fat-based biodiesel. Journal of American Oil
Chemists’ Society (2009) 86:459-467.
8. Tang H, de Guzman RC, Salley SO, Ng KYS. The oxidative stability of biodiesel: Effects of
FAME composition and antioxidant. Lipid Technology (2008) 20: 249-252.
9. Tang H, de Guzman RC, Salley SO, Ng KYS. Formation of insolubles in palm oil-, yellow
grease-, and soybean oil-based biodiesel blends after cold soaking at 4 ºC. Journal of
American Oil Chemists’ Society (2008) 85:1173-1182.

	
  
	
  

